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This is a DRAFT doument
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PrefaeGENIE [1℄ is a new neutrino event generator for the experimental neutrinophysis ommunity. The goal of the projet is to develop a `anonial' neutrinointeration physis Monte Carlo whose validity extends to all nulear targetsand neutrino �avors from MeV to PeV energy sales.
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Chapter 1Introdution1.1 GENIE projet overviewOver the last few years, throughout the �eld of high energy physis (HEP),we have witnessed an enormous e�ort ommitted to migrating many popularproedural Monte Carlo Generators into their C++ equivalents designed us-ing objet-oriented methodologies. Well-known examples are the GEANT [2℄,HERWIG [3℄ and PYTHIA [4℄ Monte Carlo Generators. This re�ets a rad-ial hange in our approah to sienti� omputing. Along with the eternalrequirement that the modeled physis be orret and extensively validated withexternal data, the evolving nature of omputing in HEP has introdued newrequirements. These requirements relate to the way large HEP software sys-tems are developed and maintained, by wide geographially-spread ollabora-tions over a typial time-span of $\sim$25 years during whih they will undergomany (initially unforeseen) extensions and modi�ations to aommodate newneeds. This puts a stress on software qualities suh re-usability, maintainability,robustness, modularity and extensibility. Software engineering provides manywell proven tehniques to address these requirements and thereby improve thequality and lifetime of HEP software. In neutrino physis, the requirements fora new physis generator are more hallenging for three reasons: the lak of a`anonial' proedural generator, theoretial and phenomenologial hallenges inmodeling few-GeV neutrino interations, and the rapidly evolving experimentaland theoretial landsape.The long-term goal of this projet is for GENIE to beome a `anonial'neutrino event generator whose validity will extend to all nulear targets andneutrino �avors over a wide spetrum of energies ranging from ∼1 MeV to ∼1PeV. Currently, emphasis is given to the few-GeV energy range, the halleng-ing boundary between the non-perturbative and perturbative regimes whih isrelevant for the urrent and near future long-baseline preision neutrino exper-iments using aelerator-made beams. The present version provides ompre-hensive neutrino interation modelling in the energy from, approximately, ∼100MeV to a few hundred GeV.GENIE1 is a ROOT-based [5℄ Neutrino MC Generator. It was designed using1GENIE stands for Generates Events for Neutrino Interation Experiments7



CHAPTER 1. INTRODUCTION 8objet-oriented methodologies and developed entirely in C++ over a period ofmore than three years, from 2004 to 2007. Its �rst o�ial physis release (v2.0.0)was made available on August 2007. GENIE has already being adopted by themajority of neutrino experiments, inluding those as the JPARC and NuMIneutrino beamlines, and will be an important physis tool for the exploitationof the world aelerator neutrino program.The projet is supported by a group of physiists from all major neutrinoexperiments operating in this energy range, establishing GENIE as a majorHEP event generator ollaboration. Many members of the GENIE ollabora-tion have extensive experiene in developing and maintaining the legay MonteCarlo Generators that GENIE strives to replae, whih guarantees knowledgeexhange and ontinuation. The default set of physis models in GENIE haveadiabatially evolved from those in the NEUGEN [6℄ pakage, whih was usedas the event generator by numerous experiments over the past deade.1.2 Neutrino Interation Simulation: Challengesand Signi�aneNeutrinos have played an important role in partile physis sine their disoveryhalf a entury ago. They have been used to eluidate the struture of theeletroweak symmetry groups, to illuminate the quark nature of hadrons, and toon�rm our models of astrophysial phenomena. With the disovery of neutrinoosillations using atmospheri, solar, aelerator, and reator neutrinos, theseelusive partiles take enter stage as the objets of study in and of themselves.Preision measurements of the lepton mixing matrix, the searh for lepton CPviolation, and the determination of the neutrino masses and hierarhy will bemajor e�orts in HEP for several deades. The ost of this next generation ofexperiments will be signi�ant, typially tens to hundreds of millions of dollars.A omprehensive, thoroughly tested neutrino event generator pakage plays animportant role in the design and exeution of these experiments, sine thistool is used to evaluate the feasibility of proposed projets and estimate theirphysis impat, make deisions about detetor design and optimization, analyzethe olleted data samples, and evaluate systemati errors. With the advent ofhigh-intensity neutrino beams from proton olliders, we have entered a new eraof high-statistis, preision neutrino experiments whih will require a new levelof auray in our knowledge, and simulation, of neutrino interation physis[7℄.While objet-oriented physis generators in other �elds of high energy physiswere evolved from well established legay systems, in neutrino physis no suh`anonial' MC exists. Until quite reently, most neutrino experiments devel-oped their own neutrino event generators. This was due partly to the wide va-riety of energies, nulear targets, detetors, and physis topis being simulated.Without doubt these generators, the most ommonly used of whih have beenGENEVE [8℄, NEUT [9℄, NeuGEN [6℄, NUANCE [10℄ and NUX [11℄, played animportant role in the design and exploration of the previous and urrent gener-ation of aelerator neutrino experiments. Tuning on the basis of unpublisheddata from eah group's own experiment has not been unusual making it virtuallyimpossible to perform a global, independent evaluation for the state-of-the-art in



CHAPTER 1. INTRODUCTION 9neutrino interation physis simulations. Moreover, limited manpower and thefragility of the overextended software arhitetures meant that many of theselegay physis generators were not keeping up with the latest theoretial ideasand experimental measurements.Simulating neutrino interations in the energy range of interest to urrentand near-future experiments poses signi�ant hallenges. This broad energyrange bridges the perturbative and non-perturbative pitures of the nuleonand a variety of sattering mehanisms are important. In many areas, inludingelementary ross setions, hadronization models, and nulear physis, one isrequired to piee together models with di�erent ranges of validity in order togenerate events over all of the available phase spae. This inevitably introdueshallenges in merging and tuning models, making sure that double ounting anddisontinuities are avoided. In addition there are kinemati regimes whih areoutside the stated range of validity of all available models, in whih ase we areleft with the hallenge of developing our own models or deiding whih modelbest extrapolates into this region. An additional fundamental problem in thisenergy range is a lak of data. Most simulations have been tuned to bubblehamber data taken in the 70's and 80's. Beause of the limited size of the datasamples (important exlusive hannels might only ontain a handful of events),and the limited overage in the spae of (ν/ν̄, Eν , A), substantial unertaintiesexist in numerous aspets of the simulations.The use ases for GENIE are also informed by the experienes of the devel-opers and users of the previous generation of proedural odes. Dealing withthese substantial model unertainties has been an important analysis hallengefor many reent experiments. The impat of these unertainties on physisanalyses have been evaluated in detailed systematis studies and in some asesthe models have been �t diretly to experimental data to redue systematis.These `downstream' simulation-related studies an often be among the mosthallenging and time-onsuming in an analysis.To see the di�ulties faing the urrent generation of neutrino experiments,one an look no further than the K2K and miniBoone experiments. Both ofthese experiments have measured a substantially di�erent Q2 distribution fortheir quasielasti-like events when ompared with their simulations, whih in-volve a standard Fermi Gas model nulear model [12, 13℄. The disagreementbetween nominal Monte Carlo and data is quite large - in the lowest Q2 bin ofminiBoone the de�it in the data is around 30\% [13℄. It seems likely that thedisrepanies seen by both experiments have a ommon origin. However the twoexperiments have been able to obtain internal onsisteny with very di�erentmodel hanges - the K2K experiment does this by eliminating the CC oherentontribution in the Monte Carlo [14℄ and the miniBoone experiment does thisby modifying ertain parameters in their Fermi Gas model [13℄. Another exam-ple of the rapidly evolving nature of this �eld is the reently reported exess oflow energy eletron-like events by the miniBoone ollaboration [15℄. These dis-repanies have generated signi�ant new theoretial work on these topis overthe past several years [16, 17, 18, 19, 20, 21, 22, 23℄. The situation is bound tobeome even more interesting, and ompliated, in the oming deade, as newhigh-statistis experiments begin taking data in this energy range. Designinga software system that an be responsive to this rapidly evolving experimentaland theoretial landsape is a major hallenge.In this paper we will desribe the ways in whih the GENIE neutrino event



CHAPTER 1. INTRODUCTION 10generator addresses these hallenges. These solutions rely heavily on the powerof modern software engineering, partiularly the extensibility, modularity, and�exibility of objet oriented design, as well as the ombined expertise and ex-periene of the ollaboration with previous proedural odes.



Chapter 2Neutrino Interation Physis2.1 Medium Energy Range (100 MeV - 500 GeV)2.1.1 IntrodutionThe set of physis models used in GENIE inorporates the dominant satteringmehanisms from several MeV to several hundred GeV and are appropriate forany neutrino �avor and target type. Over this energy range, many di�erentphysial proesses are important. These physis models an be broadly at-egorized into nulear physis models, ross setion models, and hadronizationmodels.Substantial unertainties exist in modeling neutrino-nuleus interations,partiularly in the few-GeV regime whih bridges the transition region betweenperturbative and non-perturbative desriptions of the sattering proess. Forthe purposes of developing an event generator this theoretial di�ulty is om-pounded by the empirial limitation that previous experiments often did notpublish results in these di�ult kinemati regions sine a theoretial interpre-tation was unavailable.In physis model development for GENIE we have been fored to pay par-tiular attention to this `transition region', as for few-GeV experiments it dom-inates the event rate. In partiular the boundaries between regions of validityof di�erent models need to be treated with are in order to avoid theoretialinonsistenies, disontinuities in generated distributions, and double-ounting.In this brief setion we will desribe the models available in GENIE and theways in whih we ombine models to over regions of phase spae where leartheoretial or empirial guidane is laking.2.1.2 Cross setion modelThe ross setion model provides the alulation of the di�erential and totalross setions. During event generation the total ross setion is used togetherwith the �ux to determine the energies of interating neutrinos. The ross se-tions for spei� proesses are then used to determine whih interation typeours, and the di�erential distributions for that interation model are used todetermine the event kinematis. While the di�erential distributions must be al-ulated event-by-event, the total ross setions an be pre-alulated and stored11



CHAPTER 2. NEUTRINO INTERACTION PHYSICS 12for use by many jobs sharing the same physis models. Over this energy rangeneutrinos an satter o� a variety of di�erent `targets' inluding the nuleus(via oherent sattering), individual nuleons, quarks within the nuleons, andatomi eletrons.Quasi-Elasti Sattering: Quasi-elasti sattering (e.g. νµ +n→ µ− +p)is modeled using an implementation of the Llewellyn-Smith model [24℄. In thismodel the hadroni weak urrent is expressed in terms of the most generalLorentz-invariant form fators. Two are set to zero as they violate G-parity.Two vetor form fators an be related via CVC to eletromagneti form fatorswhih are measured over a broad range of kinematis in eletron elasti sat-tering experiments. Several di�erent parametrizations of these eletromagnetiform fators inluding Sahs [25℄, BBA2003 [26℄ and BBBA2005 [27℄ models areavailable with BBBA2005 being the default. Two form fators - the pseudo-salar and axial vetor, remain. The pseudo-salar form fator is assumed tohave the form suggested by PCAC, whih leaves the axial form fator FA(Q2) asthe sole remaining unknown quantity. FA(0) is well known from measurementsof neutron beta deay and the Q2 dependene of this form fator an only bedetermined in neutrino experiments and has been the fous of a large amountof experimental work over several deades. In GENIE a dipole form is assumed,with the axial vetor mass mA remaining as the sole free parameter with a de-fault value of 0.99 GeV/2. For nulear targets a suppression fator is beinginluded from an analyti alulation of the rejetion fator in the Fermi Gasmodel, based on the simple requirement that the momentum of the outgoingnuleon exeed the fermi momentum kF for the nuleus in question. Typialvalues of kF are 0.221 GeV/ for nuleons in 12C, 0.251 GeV/ for protons in
56Fe, and 0.256 GeV/ for neutrons in 56Fe.Elasti Neutral Current Sattering: Elasti neutral urrent proessesare omputed aording to the model desribed by Ahrens et al. [28℄, inludingthe strange quark ontribution to the axial form fator. For nulear targets thesame redution fator desribed above is used.Baryon Resonane Prodution: The prodution of baryon resonanesin neutral and harged urrent hannels is inluded with Rein-Sehgal model[29℄. This model employs the Feynmann-Kislinger-Ravndal [30℄ model of baryonresonanes, whih give wavefuntions for the resonanes as exited states of a3-quark system in a relativisti harmoni osillator potential with spin-�avorsymmetry. In the Rein-Sehgal paper the heliity amplitudes for the FKR modelare omputed and used to onstrut the ross setions for neutrino-prodution ofthe baryon resonanes. From the 18 resonanes of the original paper we inludethe 16 that are listed as unambiguous at the latest PDG baryon tables andall resonane parameters have been updated. For tau neutrino harged urrentinterations an overall orretion fator to the total ross setion is applied toaount for negleted form fators in the original model. In our implementationof the Rein-Sehgal model interferene between neighboring resonanes has beenignored.Coherent Neutrino-Nuleus Sattering: Coherent sattering resultsin the prodution of forward going pions in both harged urrent (νµ + A →
µ− + π+ +A) and neutral urrent (νµ +A→ νµ + π0 +A) hannels. Coherentneutrino-nuleus interations are modeled aording to the Rein-Sehgal model[31℄. Sine the oherene ondition requires a small momentum transfer to thetarget nuleus, it is a low-Q2 proess whih is related via PCAC to the pion �eld.



CHAPTER 2. NEUTRINO INTERACTION PHYSICS 13The Rein-Sehgal model begins from the PCAC form at Q2=0, assumes a dipoledependene for non-zero Q2 and then alulates the pion-nuleus sattering rosssetion using various nulear physis assumptions. The GENIE implementationis using the modi�ed PCAC formula desribed in a reent revision of the Rein-Sehgal model [32℄ that inludes lepton mass terms.Non-Resonane Inelasti Sattering: Deep (and not-so-deep) inelas-ti sattering (DIS) is alulated in an e�etive leading order model using themodi�ations suggested by Bodek and Yang [33℄ to desribe sattering at lowQ2. In this model higher twist and target mass orretions are aounted forthrough the use of a new saling variable and modi�ations to the low Q2 par-ton distributions. The ross setions are omputed at a fully partoni level (the
νq→lq′ ross setions are omputed for all relevant sea and valene quarks).The longitudinal struture funtion is taken into aount using the Whitlow R(R = FL/2xF1) parameterization [34℄. An overall sale fator of 1.032 is ap-plied to the preditions of the Bodek-Yang model to ahieve agreement with themeasured value of the ross setion at high energy.Quasi-Elasti Charm Prodution: QEL harm prodution is modeledaording to the Kovaleno loal duality inspired mode [35℄ tuned by the GENIEauthors to reent NOMAD data [36℄.Deep-Inelasti Charm Prodution: DIS harm prodution is modeledaording to the Aivazis, Olness and Tung model [37℄.Inlusive Inverse Muon Deay: Inlusive Inverse Muon Deay rosssetion is omputed using an implementation of the Bardin and Dokuhaevamodel [38℄ taking into aount all 1-loop radiative orretions.Neutrino-Eletron Elasti Sattering: The ross setions for all νe−sattering hannels other than Inverse Muon Deay is omputed aording to[39℄. Inverse Tau deay is negleted.2.1.3 Modeling the transition regionAs disussed, for example, by Kuzmin, Lyubushkin and Naumov [40℄ one typi-ally onsiders the total νN CC sattering ross setion as

σtot = σQEL ⊕ σ1π ⊕ σ2π ⊕ ...⊕ σ1K ⊕ ...⊕ σDISIn the absene of a model for exlusive inelasti multi-partile neutrinopro-dution, the above is usually being approximated as
σtot = σQEL ⊕ σRES ⊕ σDIS 1assuming that all exlusive low multipliity inelasti reations proeed pri-marily through resonane neutrinoprodution. In this piture, one should beareful in avoiding double ounting the low multipliity inelasti reation rosssetions.In GENIE release the total ross setions is onstruted along the same lines,adopting the proedure developed in NeuGEN [6℄ to avoid double ounting. Thetotal inelasti di�erential ross setion is omputed as
d2σinel

dQ2dW
= d2σRES

dQ2dW
+ d2σDIS

dQ2dW1For the sake of formula ompatness we omit the small ontributions to the total rosssetion, in the few GeV energy range, from oherent sattering, elasti νe− sattering et.



CHAPTER 2. NEUTRINO INTERACTION PHYSICS 14The term d2σRES/dQ2dW represents the ontribution from all low multi-pliity inelasti hannels proeeding via resonane prodution. This term isomputed as
d2σRES

dQ2dW
=

∑
k

( d2σR/S

dQ2dW

)
k
· Θ(Wcut−W )where the index k runs over all baryon resonanes taken into aount, Wcuta on�gurable parameter and (d2σRS

νN/dQ
2dW )k is the Rein-Seghal model pre-dition for the kth resonane ross setion.The DIS term of the inelasti di�erential ross setion is expressed in termsof the di�erential ross setion predited by the Bodek-Yang model appropri-ately modulated in the "resonane-dominane" region W < Wcut so that theRES/DIS mixture in this region agrees with the ross setion data for low mul-tipliity exlusive inelasti reations:

d2σDIS

dQ2dW
=

d2σDIS,BY

dQ2dW
· Θ(W −Wcut) +

+
d2σDIS,BY

dQ2dW
· Θ(Wcut−W ) ·

∑

m

fmIn the above expression, m refers to the multipliity of the hadroni systemand, therefore, the fator fm relates the total alulated DIS ross setion tothe DIS ontribution to this partiular multipliity hannel. These fators areomputed as fm = Rm·P had
m where Rm is a tunable parameter and P had

m isthe probability, taken from the hadronization model, that the DIS �nal statehadroni system multipliity would be equal to m. The approah desribedabove ouples the GENIE ross setion and hadroni multipartile produtionmodel [41℄. The urrent default values for transition region parameters are
Wcut=1.7 GeV/2, R2(νp) = R2(νn)=0.1, R2(νn) = R2(νp)=0.3, and Rm=1.0for all m > 2 reations.The GENIE default harged urrent ross setions for quasi-elasti, singlepion, and inlusive sattering from an isosalar target, together with the esti-mated unertainty on the total ross setion, are shown in Fig. 2.1.
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CHAPTER 2. NEUTRINO INTERACTION PHYSICS 162.1.4 Neutrino-Indued Hadroni Multipartile Produ-tionNeutrino-indued hadroni shower modeling is an important aspet of the in-termediate energy neutrino experiment simulations, as non-resonant inelastisattering beomes the dominant interation hannel for neutrino energies aslow as 1.5 GeV.Experiments are sensitive to the details of hadroni system modeling in manydi�erent ways. Experiments making alorimetri measurements of neutrino en-ergy in harged urrent reations are typially alibrated using single partiletest beams, whih introdues a model dependene in determining the onversionbetween detetor ativity and the energy of neutrino-produed hadroni sys-tems. Physis analysis an also depend on the predition of the hadron showerharateristis, suh as shower shapes, energy pro�le and partile ontent, pri-marily for event identi�ation. A harateristi example is a νµ → νe appearaneanalysis, where the evaluation of bakgrounds oming from NC events, wouldbe quite sensitive on the details of the NC shower simulation and spei�allythe π0 shower ontent. It is therefore imperative that the state-of-the-art inshower modeling is inluded in our neutrino interation simulations.GENIE uses the AGKY hadronization model whih was developed for theMINOS experiment [41℄. This model integrates an empirial low-invariant massmodel with PYTHIA/JETSET at higher invariant masses. The transition be-tween these two models takes plae over an adjustable window with the defaultvalues of 2.3 GeV/2 to 3.0 GeV/2, so as to ensure ontinuity of all simulatedobservables as a funtion of the invariant mass. For the hadronization of low-mass states the model proeeds in two phases, �rst determining the partileontent of the hadroni shower, and seondly determining the 4-momenta of theprodued partiles in the hadroni enter of mass.The AGKY's low mass hadronization model generates hadroni systems thattypially onsist of exatly one baryon (p or n) and any number of π+, π−,
π0, K+, K−, K0, K̄0 mesons kinematially possible and allowed by hargeonservation.For a �xed hadroni invariant mass and initial state (neutrino and hit nu-leon), the algorithm for generating the hadron shower partiles generally pro-eeds as follows:

• Compute the average harged hadron multipliity using empirial expres-sions of the (< nch >= ach + bch ∗ lnW 2) form. The oe�ients ach,
bch, whih depend on the initial state, have been determined by bubblehamber experiments and are treated as tuning parameters.

• Compute the average hadron multipliity as < ntot >= 1.5 < nch >.
• Using the alulated average hadron multipliity, generate the atual hadronmultipliity taking into aount that the multipliity dispersion is de-sribed by the KNO saling law, (< n > P (n) = f(n/ < n >) [42℄,where f is the saling funtion. The KNO saling is parametrized em-ploying the Levy 2 funtion with an input parameter cch that depends onthe initial state and is treated as a tuning parameter.2The Levy funtion Levy(z; c) = 2e−cccz+1/Γ(cz + 1)
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• Generate hadrons up the generated hadron multipliity taking into a-ount the hadron shower harge onservation and the kinematial on-straints. Protons and neutrons are produed in the ratio 2:1 for νp inter-ations, 1:1 for νn and ν̄p, and 1:2 for ν̄n interations. Charged mesonsare then reated in order to balane harge, and the remaining mesons aregenerated in neutral pairs. The probabilities for eah are 31.33% (π0, π0),62.66% (π+, π−), 1.5% (K0,K−), 1.5% (K+,K−), 1.5% (K̄0,K+) and1.5% (K0, K̄0). The probability of produing a strange baryon via asso-iated prodution is determined from a �t to Λ prodution data:

Phyperon = ahyperon + bhyperon lnW 2 (2.1)Fig. 2.2 shows the data/model omparisons of the average harged hadronmultipliity < nch > shown as a funtion of the squared hadroni invariantmass for
νp and νn interations.The main dynamial feature observed in the study of hadroni systems isthat the baryon tends to go bakwards in the hadroni enter of mass andthat the produed hadrons have small transverse momentum relative to thediretion of momentum transfer. These features are naturally desribed in thequark model where the baryon is formed from the diquark remnant, whih goesbakwards in the enter-of-mass, and transverse momentum is generated solelythrough intrinsi parton motion and gluon radiation. At low invariant massesenergy-momentum onstraints on the available phase spae play a partiularlyimportant role. The most pronouned kinematial feature in this region is thatone of the produed partiles (proton or neutron) is muh heavier that therest (pion and kaons) and exhibits a strong diretional antiorrelation with themomentum transfer.Our strategy, therefore, is to orretly reprodue the �nal state nuleonmomentum, and then perform a phase spae deay on the remnant system em-ploying, in addition, a pT -based rejetion sheme designed to reprodue theexpeted meson transverse momentum distribution. The nuleon momentum isgenerated using input p2

T and xF PDFs whih are parametrized, based on ex-perimental data [43, 44℄. One the baryon momentum is seleted the remainingpartiles undergo a phase spae deay. The phase spae deay employs a reje-tion method suggested in [45℄, with a rejetion fator e−A∗pT for eah meson.This auses the transverse momentum distribution of the generated mesons tofall exponentially with inreasing p2
T . Here pT is the momentum omponentperpendiular to the urrent diretion.Fig. 2.4 shows the data/model omparisons of the fragmentation funtionfor positively and negatively harged hadrons. 2-body hadroni systems area speial ase: The hadroni system 4-momenta are generated by a simpleunweighted phase spae.2.1.5 Nulear PhysisNulear physis plays a large role in every aspet of neutrino sattering sim-ulations at few-GeV energies and introdues oupling between several aspetsof the simulation. The basi nulear model used in GENIE is the Fermi Gas
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Figure 2.4: Data/model omparisons of the fragmentation funtion for positivelyand negatively harged hadrons.2.1.6 Intranulear ResatteringThe hadronization model desribes partile prodution from free targets andis tuned primarily to bubble hamber data on hydrogen and deuterium tar-gets. Hadrons produed in the nulear environment may resatter on their wayout of the nuleus, and these reinterations signi�antly modify the observabledistributions in most detetors.It is also well established that hadrons produed in the nulear environmentdo not immediately reinterat with their full ross setion. The basi piture isthat during the time it takes for quarks to materialize as hadrons, they propagatethrough the nuleus with a dramatially redued interation probability. Thiswas implemented in GENIE as a simple `free step' at the start of the intranulearasade during whih no interations an our. The formation time is the onlyfree parameter and is 0.523 fm/ aording to the SKAT model [47℄.Intranulear resattering in GENIE is handled by a subpakage alled IN-TRANUKE. INTRANUKE is an intranulear asade simulation and has gonethrough numerous revisions sine the original version was developed for use bythe Soudan 2 Collaboration [48℄. The sensitivity of a partiular experimentto intranulear resattering depends strongly on the detetor tehnology, theenergy range of the neutrinos, and the physis measurement being made. IN-TRANUKE simulates resattering of pions and nuleons in the nuleus.In priniple one would like to have a fully realisti nulear model whih au-rately desribes the full range of nulear physis down to 1 MeV to ensure thatthe simulations are suitable for any oneivable experiment. Nulear simula-tions of this type are themselves highly omplex pakages and the integration ofthese pakages with GENIE is an area of ative work. An alternative approahis to develop a simpler nulear model, in the ontext of a partiular experiment,and ensure that the relevant physis for that experiment are orretly desribed.This approah has the advantage of yielding a far simpler ode, whih is un-derstood by the experimenters. This has partiular advantages for the study ofsystemati errors and the development of anillary ode like reweighting pak-ages.The urrent version was optimized for use by the MINOS experiment. Forthis experiment the task of developing an intranulear resattering model is



CHAPTER 2. NEUTRINO INTERACTION PHYSICS 20simpli�ed beause the detetor is omposed largely of a single element, iron,and the detetor is designed to make a alorimetri energy measurement ratherthan trak individual partiles. For the osillation measurement of MINOS theprimary goal is ensuring that the `missing energy' lost in the nulear environmentis being reliably simulated.The simulation traks partiles through the nuleus in steps of 0.1 fm. Foreah partile only one reinteration is allowed, and the simulation onsists ofthe following steps:1. Mean Free Path: In order to determine if the partile interats in apartiular step the mean free path is alulated based on the loal density.The mean free path is alulated from known hadron-nuleon ross se-tions [49℄ and known harge densities [50℄. All nulei heavier than oxygenare modeled with a Woods-Saxon density distribution and lighter nuleiare modeled with a modi�ed Gaussian distribution:
ρ(r) = ρ0

[
1 + α

( r
a

)2
]
e−r2/a2

. (2.2)One di�ulty in this approah is that our treatment is using a semilassialmodel to desribe a quantum mehanial proess. This poses partiulardi�ulty in desribing elasti sattering whih dominates the total rosssetion at low energy. This wave/partile distintion depends on energywith lower energy hadron-nuleus sattering being more wave-like. Toaount for this we inrease the size of the nulear density distributionthrough whih the partile is traked by an amount
f
hc

p
, (2.3)where f is an adjustable dimensionless parameter set to 0.5 in the urrentdefault. We use the isospin-averaged total ross setions for pions andnuleons and isospin relations for π0 − nucleon reations.2. Determining the Interation Type: Hadron-nuleus interations o-ur with di�erent proesses and eah has an assoiated ross setion - σelasfor elasti sattering, σinel for inelasti sattering (whih inludes singlenuleon emission), σcex for single harge exhange for all hadrons. For pi-ons, emission of 2 or more nuleons with no pion in the �nal state is alledabsorption - σabs; for nuleons, a �nal state with 2 or more nuleons isalled multi-nuleon knokout - σko. The total ross setion (σtot) is thesum of all omponent ross setions and the total reation ross setion(σreac) is the sum of all inelasti reations,

σreac = σcex + σinel + σabs = σtot − σelas. (2.4)One it has been determined that a hadron reinterats in the nuleus, thetype of the interation is determined based on the measured ross setionsfor the above listed proesses. In some ases, where data is sparse, rosssetion estimates are taken from estimates by the CEM03 group [51℄.3. Final State Produts: One the interation type has been determined,the four-vetors of �nal state partiles need to be generated. Where pos-sible these distributions are parametrized from data or from the output of



CHAPTER 2. NEUTRINO INTERACTION PHYSICS 21more sophistiated nulear models [52℄. For MINOS, the most importantissue is missing energy generated by inelasti and absorption proesses.Very low energy hadrons and nulear reoils are not seen, so simpli�a-tions an be made. All states where more than 5 nuleons are emitted aretreated as though 5 nuleons (3 protons and 2 neutrons) were emitted.The energy and momentum of the resattered haadron are distributedamong the �nal state nuleons aording to phase spae.The intranulear resattering model has been tested and tuned based on om-parisons to hadron-nuleus data. Hadron-nuleus ross setions are alulatedby `MC experiments' where a nuleus is being illuminated by a uniform hadronbeam with transverse radius larger than the nuleus size. Figure 2.5 shows theomparison between INTRANUKE and data for π+−Fe total and reation rosssetions. Validation of the model against neutrino data on nulear targets havealso been performed [48℄. Although the model is tuned to hadron sattering oniron, the simpliity of the Fermi Gas model and the A(2/3) saling of the rosssetions allow the model to be applied to nearly all nulei enountered in thesimulation as well.
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Chapter 3Downloading & InstallingGENIE3.1 Understanding the versioning shemeCVS TagsIn the GENIE version numbering sheme, releases are tagged in the CVS soureode repository as R-major_minor_revision1. When a number of signi�-ant funtionality improvements or additions have been made, the major indexis inremented. The minor index is inremented in ase of signi�ant �xesand/or minor feature additions. The revision number is inremented for minorbug �xes and updates.Version number semantis
• Following the LINUX kernel versioning sheme, the versions with evenminor number (eg 2.0.*, 2.4.*) orrespond to stable, fully validated physisprodution releases2.
• Versions with odd minor number (eg. 2.3.*, 2.5.*) orrespond to the devel-opment version or `andidate' releases tagged during the validation stagepreeding a physis release.
• Tagged versions always have an even revision number (eg 2.2.2 is a revisionof the 2.2.0 physis prodution release whereas 2.3.2, 2.3.4, 2.3.6,... are`andidate' releases for the 2.4.0 physis prodution release).
• Odd revision numbers are used for the CVS head / development version.Release odenamesThe major prodution-quality releases are ode-named after modern extint orendangered speies (series of prodution releases: Auk , Bluebak , Cheetah ,Dodo , Elk , Fox , Gazelle , Hippo , Ibex ,... ).1For example, tag R-1_99_1 orresponds to GENIE vrs 1.99.1, tag R-2_0_2 orrespondsto GENIE vrs 2.0.2 et.2To the dismay of mathematiians, our versioning sheme uses 0 as am even number.23



CHAPTER 3. DOWNLOADING & INSTALLING GENIE 24Release quali�ersThe GENIE releases are marked as:
• physis : Validated prodution-quality versions reommended for physisstudies.
• depreiated : Older `physis' versions that have been greatly supersededby newer versions. Versions marked as `depreiated' beome unsupported.We appreiate that experiments get highly attahed on spei� versionsdue to the enormous amount of work invested in generating high statistissamples and alulating MC-dependent orretions and systematis. Westrive to support as many physis versions as reasonably possible.
• pre-release : Test releases you may not use for physis studies.
• speial : Releases prepared for a partiular reason or event suh as a) theevaluation of an experiment systemati with an appropriately modi�edversion of GENIE, or b) a GENIE tutorial or a summer / winter shool.You may not use these releases outside the intended ontext.3.2 Obtaining the soure odeThe o�ial GENIE soure ode is maintained at a CVS repository hosted atthe Rutherford Appleton Laboratory3.Read-only aess to GENIE CVS repository via AFSTo get the CVS head (development version), type:shell$ vs -d /afs/rl.a.uk/user//andreop/vsrep o -P GENIETo get a spei� tagged version you need to speify the CVS tag using the-r option. For example, in order to get version 2.4.2 (with a orresponding CVStag: R-2_4_2), type:shell$ vs -d /afs/rl.a.uk/user//andreop/vsrep o -P -r R-2_4_2 GENIERead / write aess to GENIE CVS repository via SSHThis is intended only for developers.3A user heads-up is in order here: A Subversion (SVN) repository, hosted at the RutherfordAppleton Laboratory, is urrently being tested. At some point, over the next few months,the GENIE soure ode will be migrated to the SVN repository and the CVS repositorywill be removed. The move will be announed at the GENIE user mailing list well in ad-vane. SVN is a CVS suessor. Please familiar yourself with SVN as the existing CVSrepository may be disontinued at very short notie. More details on SVN an be found on:http://subversion.tigris.org.



CHAPTER 3. DOWNLOADING & INSTALLING GENIE 253.3 Understanding prerequisitesSupported platformsGENIE should build on all reasonably reent LINUX and MAC OS X distribu-tions. A list of systems where GENIE has been suessfully installed and usedis maintained at the GENIE web site. As a matter of ourtesy, please let usknow whether you have GENIE suessful installed at a new system.External dependeniesA typial GENIE installation4 requires the following external pakages5:
• ROOT
• LHAPDFThe Les Houhes Aord PDF interfae, a PDFLIB suessor.
• PYTHIA6The well known LUND Monte Carlo pakage used by GENIE for partiledeays and string fragmentation (for neutrino interations of high invariantmass).
• log4ppA C++ library for message logging.
• libxml2The C XML library for the GNOME projet.More external pakages are required to enable ertain speialized features: Youneed MySQL to enable ertain physis validation tools, and you need additionalexternal MC generators to install alternative / non-default intranulear asademodels. Doxygen and GraphViz is needed in order to generate your own opy ofthe doxygen doumentation and google-perftools is needed for GENIE pro�ling.These are not typial user options and no further details are given in this manual.Installing external dependeniesThe installation of external pakages is desribed in detail in their orrespondingweb pages. Additional detailed instrutions an also be found at Appendix A(`Installation instrutions for absolute beginners') of this manual. An abridgedversion of the installation instrutions an be found below:1. Install libxml2, log4pp and LHAPDF �rst. Installation is ompletelystraightforward and trivial. Pre-ompiled binaries are also readily avail-able. Note that libxml2 (almost ertainly) and log4pp (less likely) mayalready be installed at your system.4A minimal installation that an be used for event generation / physis studies.5The impliit assumption here is that you start with a `working system' where some basitools, suh as the g ompiler suite, make, autoonf, PERL, CVS and SVN lients et, arealready installed. Instrutions are given assuming that you are using the bash shell but it istrivial to adapt these instrutions for your own shell.



CHAPTER 3. DOWNLOADING & INSTALLING GENIE 262. Install PYTHIA6. First you need to a) obtain the PYTHIA6 soure odefrom [?℄, b) obtain the soure ode for a ROOT/PYTHIA thin wrapperlibrary from the ROOT web site ) edit the PYTHIA6 soure ode and re-move dummy parton density funtion alls and d) build the soure ode.The easiest way, by far, to do all the above is to use Robert Hather's`build_pythia6.sh' sript. It automates getting all PYTHIA omponentsfrom the web, removing dummy alls and building the ode.A version of Robert's sript is also kept at the GENIE web site at:http://hepunx.rl.a.uk/∼andreop/generators/GENIE/et/installation/You an run the sript (please, also read its doumentation) as:shell$ soure build_pythia6.sh [version℄For example, in order to download and install version 6.4.12, type:shell$ soure build_pythia6.sh 64123. Install ROOT following the instrutions at the ROOT web site. Theonly required non-default on�guration options are the ones for enablingPYTHIA6 (Add: `--enable-pythia6 --with-pythia6-libdir=/some/path').3.4 Preparing your environmentA number of environmental variables need to bee set or updated before usingGENIE.
• Set the `GENIE' environmental variable to point at the top level GENIEdiretory
• Set the `ROOTSYS' environmental variable to point at the top level ROOTdiretory
• Set the `LHAPATH' environmental variable to point to LHAPDF's PDFdata �les
• Append `$ROOTSYS/bin' and `$GENIE/bin' to your `PATH'
• Append `$ROOTSYS/lib', `$GENIE/lib' and the paths to the log4pp, libxml2,LHPADF and PYTHIA6 libraries to your `LD_LIBRARY_PATH' environ-mental variable (or to your `DYLD_LIBRARY_PATH' environmental variableif you are using GENIE on MAC OS X)It is more onvenient to reate a GENIE setup sript and exeute it before usingGENIE.A setup sript should look like the following:#!/bin/bashexport GENIE=/path/to/genie/top/diretoryexport ROOTSYS=/path/to/root/top/diretoryexport LHAPATH=/path/to/lhapdf/PDFSets/



CHAPTER 3. DOWNLOADING & INSTALLING GENIE 27export PATH=$PATH:\$ROOTSYS/bin:\$GENIE/binexport LD_LIBRARY_PATH=$LD_LIBRARY_PATH:\/path/to/log4pp/library:\/path/to/libxml2/library:\/path/to/lhapdf/libraries:\/path/to/pythia6/library:\$ROOTSYS/lib:\$GENIE/libAssuming that the above sript is named `genie_setup', you an exeute itby typing:shell$ soure genie_setup3.5 Con�guring GENIEA on�guration sript is provided with the GENIE soure ode to help you on-�gure your GENIE installation (enable / disable features and speify paths toexternal pakages). To see what on�guration options are available, type:shell$ d $GENIEshell$ ./onfigure --helpThis will generate a sreen output that looks like the following:FLAG DESCRIPTION--prefix Install path (for make install)enable/disable optionsprefix with either --enable or --disable(eg. --enable-lhapdf --disable-flux-drivers)profiler GENIE ode profiling using Google perftoolsdoxygen-do Generate doxygen doumentation at build timedylibversion Adds version number in dynami library nameslowlevel-mesg Disable (rather than filter out) some prolifidebug level messages known to slow GENIE downdebug Adds -g ompiler option to request debug infoneut-asade Alternative intranulear asade MC, requires NEUTlhapdf Use the LHAPDF libraryernlib Use CERNLIBflux-drivers Built-in flux drivers



CHAPTER 3. DOWNLOADING & INSTALLING GENIE 28geom-drivers Built-in detetor geometry driversmueloss Muon energy loss modelingvalidation-tools GENIE physis model validation toolsviewer Event generation GUItest Test programst2k T2K-speifi ev/gen drivers and support softw.minos MINOS-speifi ev/gen drivers and support softw.with options for 3rd party softwareprefix with --with (eg. --with-lhapdf-lib=/some/path)optimiz-level Compiler optimiz. level (O,O2,O3,OO,Os)profiler-lib Path to profiler librarydoxygen-path Path to doxygen binaryneut-lib Path to NEUT librariespythia6-lib Path to PYTHIA6 libraryern-lib Path to CERN librarieslhapdf-in Path to LHAPDF inludeslhapdf-lib Path to LHAPDF librarieslibxml2-in Path to libxml2 inludeslibxml2-lib Path to libxlm2 librarylog4pp-in Path to log4pp inludeslog4pp-lib Path to log4pp libraryBy default all options required for a minimal installation that an be usedfor physis event generation are enabled and non-essential features are disabled.Typially, the folowing should be su�ient for most users:shell$ d $GENIEshell$ ./onfigureNot speifying any on�guration option (like above) is equivalent to speify-ing:--disable-profiler--disable-doxygen-do--enable-dylibversion--disable-lowlevel-mesg--disable-debug--disable-neut-asade--disable-gibuu--enable-lhapdf--disable-ernlib--enable-flux-drivers--enable-geom-drivers--enable-mueloss--disable-validation-tools--disable-viewer--disable-t2k--disable-minos



CHAPTER 3. DOWNLOADING & INSTALLING GENIE 29The default optimization level is set to O2 and --prefix is set to /usr/loal.The on�guration sript an, in priniple, auto-detet the paths to required ex-ternal pakages installed at your system if no path is given expliitly. On someoasions, before sanning your system for external produts, the on�gurationsript will hek whether some rather standard environmental variables havebeen set (from example, before searhing for the PYTHIA6 / JETSET library,the on�gure sript will hek whether a `PYTHIA6' environmental variable hasbeen set. See `./onfigure --help' for more information).Obviously, if you want greater ontrol over the on�guration options (so thatyou do not depend on pre-set defaults that may one day hange), if you want tomodify some other default options or if the sript fails to disover some externalprodut path, then do set the on�gure sript options expliitly.3.6 Building GENIEOne GENIE has been properly on�gured, you are ready to build it. Just type:shell$ d $GENIEshell$ gmakeOn suessful ompletion you should be able to �nd many libraries loatedin $GENIE/lib and some appliations and sripts in $GENIE/bin.You may stop the building proedure here and start using GENIE now! How-ever, some users may prefer to take their installation one step further and type:shell$ gmake installIf /some/path was the loation spei�ed via the --prefix on�guration �ag,then `gmake install' will:
• move all exeutables and sripts to /some/path/bin,
• move all libraries to /some/path/lib, and
• move all headers to /some/path/inlude/GENIE.If you do run `gmake install', before running GENIE you need to update your`LD_LIBRARY_PATH' (or `DYLD_LIBRARY_PATH' on MAC OS X) and `PATH' environ-mental variables aordingly.Whether you stop the installation proedure after the `gmake' or `gmake install'step is probably more a matter of personal taste 6. Whatever you hoose shouldwork given that your system's paths have been properly set.Assuming now that the GENIE installation has been ompleted without ap-parent errors, we are going to provide instrutions for a ouple of simple post-installation tests to verify that GENIE has been properly built.6I �nd it easier to manage multiple GENIE installations if I stop after the `gmake' step.



CHAPTER 3. DOWNLOADING & INSTALLING GENIE 303.7 Performing simple post-installation testsHere are few simple things you an do in order to try out your installation:1. Compute the νµ + C12 (νµ PDG ode: 14, C12 PDG ode: 1000060120)QEL ross setion splines and then generate a 10,000 event sample of νµ +
C12 QEL interations, between 0 and 15 GeV, using a simple histogram-based desription of the T2K νµ �ux (ROOT TH1D objet `h30000' storedin `$GENIE/data/�ux/t2k�ux.root ').The ommands used here will be explained in the next setion:shell$ export GEVGL=QELshell$ gmkspl -p 14 -t 1000060120 -n 300 -e 30 -o xnumuC12qel.xmlshell$ export GSPLOAD=xnumuC12qel.xmlshell$ gevgen -s -n 10000 -p 14 -t 1000060120 -e 0,15-f $GENIE/data/flux/t2kflux.root,h30000A `genie-mjob-0.status ' status �le is reated. It is updated periodialywith job statistis and the most reent event dump. When the job isompleted a `gntp.0.ghep.root ' �le, ontaining the generated event tree, iswritten-out. Print-out the �rst 100 eventsfrom this �le:shell$ gevdump -f gntp.0.ghep.root -n 1002. Generate a 10,000 event sample of π+ + O16interations for π+'s of 200MeV kineti energy.(π+ PDG ode: 211, O16 PDG ode: 1000080160):shell$ ghAevgen -n 10000 -p 211 -t 1000080160 -k 0.2If everything seems to work then the GENIE is really `out of the bottle'. Con-tinue reading the Physis and User Manual on how to run more involved MCjobs.



Chapter 4Getting started with GENIEin neutrino mode4.1 Introdution[to be written℄4.2 Event generation inputs4.2.1 Why using pre-alulated ross setion splinesWhen generating neutrino interation events, most CPU-yles are spent onalulating neutrino interation ross setions. In order to selet an interationhannel for a neutrino sattered o� a target at a partiular energy, the di�er-ential ross setion for eah possible hannel is integrated over the kinematiphase spae available at this energy. With ∼ 102 possible interation modesper initial state and with ∼ 105 di�erential ross setion evaluations per rosssetion integration then ∼ 107 di�erential ross setion evaluations are requiredjust in order to selet an interation hannel for a given initial state. Had youbeen simulating events in a realisti detetor geometry (∼ 102 di�erent isotopes)then the number of di�erential ross setion evaluations, before even startingsimulating the event kinematis, would rise to ∼ 109. It is therefore advanta-geous to pre-alulate the ross setion data. The event generation drivers anbe instruted to to load the pre-omputed data and estimate the ross setionby numerial interpolation, rather than by performing numerous CPU-intensivedi�erential ross setion integrations. The ross setion data are written outin XML format and, when loaded into GENIE, they are used for instantiatingSpline objets.4.2.2 Generating your own splinesGENIE provides the gmkspl utility for generating the ross setion splines fora spei�ed set of modeled proesses for a spei�ed list of initial states. Theross setion splines are written out in an XML �le in the format expeted byall other GENIE programs. The soure ode for this utility may be found in31



CHAPTER 4. GETTING STARTEDWITH GENIE IN NEUTRINOMODE32`$GENIE/sr/stdapp/gMakeSplines.xx '.In summary, the gmkspl syntax is:shell$ gmkspl -p nu <-t tgt, -f geom> [-o out_file℄ [-n nknots℄ [-e Emax℄where:[℄ marks optional arguments, and<> marks a list of arguments out of whih only one an be seleted at any giventime.Details on the ommand-line arguments an be found below:
• -p Spei�es the neutrino PDG odes.Multiple neutrino odes an be spei�ed as a omma separated list.
• -t Spei�es the target PDG odes.Multiple target PDG odes an be spei�ed as a omma separated list.
• -f Spei�es a ROOT �le ontaining a ROOT/GEANT detetor geometrydesription.
• -o Spei�es the name of the output XML �leBy default GENIE writes-out the alulated ross setion splines in anXML �le named `xse_splines.xml ' reated at the urrent diretory.
• -n Spei�es the number of knots per splineBy default GENIE is using 15 knots per deade of the spline energy rangeand at least 30 knots overall.
• -e Spei�es the maximum neutrino energy in splineBy default the maximum energy is set to be the delared upper end of thevalidity range of the event generation thread responsible for generatingthe ross setion spline.Examples:1. To alulate the ross setion splines for νµ (PDG ode: 14) and ν̄µ (PDGode: -14) sattered o� Fe56 (PDG ode: 1000260560), type:shell$ gmkspl -p 14,-14 -t 1000260560The ross setion splines will be saved in an output XML �le named`xse_splines.xml ' (default name).2. To alulate the ross setion splines for νµ (PDG ode: 14) and ν̄µ (PDGode: -14) sattered o� all the targets in the input ROOT geometry �le`/data/mygeometry.root ' and write out the splines in a �le named `mys-plines.xml ', typeshell$ gmkspl -p 14,-14 -f /data/mygeometry.root -o mysplines.xml



CHAPTER 4. GETTING STARTEDWITH GENIE IN NEUTRINOMODE33Be warned that generating the ross setion splines is very CPU-intensive be-ause of the �ne numerial integration stepping used in order to improve numer-ial auray and the large number of proesses involved. See Fig. 4.1. Workis urrently under way to improve the speed of the the numerial integrationalgorithms while retaining their numerial auray.4.2.3 Downloading pre-omputed splinesCross setion spline XML �les are kept in:http://hepunx.rl.a.uk/∼andreop/generators/GENIE/data/ross-setion-splines/You need to selet �le orresponding to the version of GENIE you are using.Typially I post ross setion spline �les for all modeled proesses for νe, ν̄e,
νµ, ν̄µ, ντ , ν̄τ sattered o� free-nuleons (p, n) and o� a large set of nuleartargets (the ∼ 40 isotopes that an be found in the T2K detetor geometries1).Using the posted free-nuleon ross setion data is easy / fast to alulate rosssetion splines for any set of nulear targets.Any reasonable request for providing additional ross setion splines will besatis�ed.4.2.4 Triks for faster spline alulationCross setion spline alulation is CPU-intensive. It is reommended that, forthe default GENIE on�guration, you use the spline XML �les posted online.If you deide to build your own splines for multiple neutrino speies andnulear targets, then it is impratial to generate all splines in a single job (al-though you an do so). It is muh more pratial to `split' the ross setion splinegeneration into many smaller jobs and run them on parallel at a bath farm. Forfaster results, organize your jobs as `single neutrino + multiple nulear targets'rather than `multiple neutrinos + single nulear target': In the former ase in-termediate, CPU-intensive free nuleon ross setion alulations, for the givenneutrino speies, will be reyled in the nulear target ross setion alulations.The XML outputs of all the gmkspl jobs run in parallel an be merged into asingle XML �le using GENIE's gspladd utility. The gspladd utility syntax for is:shell$ gspladd -i input1.xml,input2.xml,... -o /path/output.xmlUsing the free-nuleon ross setion �les posted at the GENIE web-site it isboth easy and fast to alulate ross setion splines for any set of nulear tar-gets. Beause of the way nulear e�ets are urrently handled, the most CPUintensive ross setion alulations an reyle free-nuleon alulations resultingin a dramati speed improvement. The proess of feeding-in free-nuleon rosssetion in a nulear-ross setion alulations is outlined below. Assuming that aomplete set of free-nuleon ross setion splines is stored at `/path/freenu.xml '1N14, N15, O16, O17, O18, Al27, C12, C13, H2, Cl35, Cl37, Pb204, Pb206, Pb207, Pb208,
Cu63, Cu65, Zn64, Zn66, Zn67, Zn68, Zn70, Ar36, Ar38, Ar40, Si28, Si29, Si30, B10, B11,
Na23, F e54, F e56, F e57, F e58, Co59.
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Figure 4.1: Cross setion splines just for νµFe
56 proesses modeled in GENIE.The large number of splines and the �ne numerial integration stepping makesspline alulation a very CPU-intensive proess.



CHAPTER 4. GETTING STARTEDWITH GENIE IN NEUTRINOMODE35and that you want to feed that in the alulation of splines for all νe, ν̄e, νµ, ν̄µ,
ντ , ν̄τ sattering proesses o� O16 (PDG ode: 1000080160) and Fe56 (PDGode: 1000260560). You need to type:shell$ export GSPLOAD=/path/freenu.xmlshell$ gmkspl -p 12,-12,14,-14,16,-16 -t 1000080160,1000260560 -o /path/spl.xmlThe output �le `/path/spl.xml ' inludes both the alulated nulear splines andthe input free nuleon splines. Feeding-in the free nuleon splines enables GE-NIE to �nish the above alulation within a few minutes2. Before running aMC job using the new spline XML �le you need to update the `GSPLOAD' envi-ronmental variable to point to that new �le. The environment-driven behaviorof GENIE will be explained at a following hapter.4.2.5 Modifying GENIE and re-using splinesYou should never be doing that (unless you are absolutely sure about what youare doing). The safest assumption is that hanges in GENIE, either a hange ofdefault model parameter or a hange of a default model, invalidates previouslygenerated ross setion splines as the ross setion models (used for generatingthese splines) may be a�eted.4.2.6 The XML ross setion splines �leThe XML �les, you have just learnt how to generate, are partiularly suited formoving data between di�erent GENIE appliations. This is the only intendedusage of these �les. If you wish to use GENIE's ross setion splines in anotherontext, eg. within your analysis ode, then we reommend onverting themfrom an XML to a ROOT format using GENIE's gspl2root utility (desribedlater in this manual). The gspl2root utility an be used to write-out the rosssetion splines for all modeled proesses into a single ROOT �le, organizing themin ROOT TDiretories - one per initial state (eg. ross setion splines for all
νµO

16 proesses are stored in a `nu_mu_O16' diretory, while splines for ν̄µC
12are stored in a `nu_mu_bar_C12' diretory et.). Eah spline is stored as aROOT TGraph. The TGraph objets an be used for numerial interpolation(using `TGraph::Eval(double)') so, essentially, one an write-out all GENIEross setion `funtions' he needs into a single ROOT �le (see setion onGENIE's gspl2root utility for more details on this partiularly useful feature).However, it is generally usefull that you do have an understanding of how theXML ross setion spline �le is strutured. All XML splines are stored within`<genie_xse_spline_list>' tags:<?xml version="1.0" enoding="ISO-8859-1"?><!-- generated by genie::XSeSplineList::SaveSplineList() --><genie_xse_spline_list version="2.00" uselog="1">... ... ...... ... ...</genie_xse_spline_list>2On a Intel MaBookPro Core 2 Duo proessor at 2.16 GHz.



CHAPTER 4. GETTING STARTEDWITH GENIE IN NEUTRINOMODE36The `uselog=�1� ' �ag indiates that the spline knots are spaed `logarithmi-ally' in energy (This is the default GENIE option so that there is higher knotdensity where the ross setion hanges more rapidly). The data for eah splineare stored within `<spline>' tags3:<splinename = "{algorithm/reation; string}"nknots = "{number of knots; int}"><knot><E> {energy; double} </E><xse> {ross setion; double} </xse></knot><knot><E> {energy; double} </E><xse> {ross setion; double} </xse></knot>... ...</spline>Eah spline is named by ombining the names of the ross setion algorithmand its on�guration with a string interation ode. These rather long names arebuilt automatially by GENIE and used for retrieving the orret spline4 fromthe spline pool. For example, a spline named `genie::DISPartonModelPXSe/CC-Default/nu:-12;tgt:1000260560;N:2112;q:-1(s);pro:Weak[CC℄,DIS ' indiates that itwas omputed using the ross setion algorithm `genie::DISPartonModelPXSe'run in the `CC-Default ' on�guration for an interation hannel with the fol-lowing string ode: `nu:-12;tgt:1000260560;N:2112;q:-1(s);pro:Weak[CC℄,DIS ' (in-diating a DIS CC νµFe
56 sattering proess of a sea d̄ quark in a bound neu-tron). The spline knots are listed in inreasing energy, going up to a maximumvalue spei�ed during the spline onstrution. One of the knots falls exatlyon the energy threshold for the given proess so as to improve the auray ofnumerial interpolation around threshold. The energy and ross setion valuesare given in the natural system of units (~ = c = 1) used internally withinGENIE (note that the more onvenient ross setion units, 10−38cm2, are usedwhen the ross setion data are exported for you using the gspl2root utility).4.3 Simple event generation ases4.3.1 The gevgen generi event generation driverA number of drivers are inluded in GENIE for handling event generation asesof varying omplexity: From trivial ones, orresponding to a �xed initial state ata �xed energy, to the most ompliated ones, involving the outputs of detailedneutrino beam-line simulations and detailed Geant4-based detetor geometrydesriptions derived from CAD engineering drawings. The most involved aseswill be desribed in the next hapter.3In the desription below, the urly braes within tags are to be `viewed' as a single valueof the spei�ed type with the spei�ed semantis.4GENIE takes the safest route and heks both the `reation mode' and `ross setionalgorithm'. It will not use ross setion spline data alulated by a ross setion algorithm A,if an alternative ross setion algorithm B is urrently in use.



CHAPTER 4. GETTING STARTEDWITH GENIE IN NEUTRINOMODE37Here, we present a simple, generi GENIE event generation driver, gevgen,handling all simple event generation ases. The gevgen driver an handle eventgeneration for neutrinos sattered o� a �xed target (or a `target mix'). It han-dles mono-energeti neutrinos or neutrinos from seleted from �uxes that anbe desribed in simple terms (either via a funtional form, a vetor �le or aROOT TH1D histogram).The soure ode for this utility may be found in `$GENIE/sr/stdapp/ gEvGen.xx'.In summary, the gevgen syntax is:shell$ gevgen [-h℄ -n nev [-s℄ -e E -p nu -t tgt [-r run#℄ [-f flux℄ [-w℄where [℄ denotes an optional argumentDetails on the ommand-line arguments an be found below:
• -h Prints-out help on gevgen syntax and exits.
• -n Spei�es the number of events to generate.
• -r Spei�es the MC run number.
• -s Instruts the driver to enable ross setion spline interpolation.Always use this option as the alternative of integrating the di�erentialross setions at event generation time, although it is permitted, is CPU-intensive and impratial. The required ross setion an be pre-omputedusing the gmkspl utility (see prev. setion on `ross setion splines').The input ross setion spline XML �le is spei�ed via the `GSPLOAD' envi-ronmental variable (see next setion).If the `-s' option is spei�ed, then the driver will hek whether the full setof ross setion splines, as required for the enabled proesses and spei�edinitial states, is indeed loaded. If not, then it will path the spline list byalulating the missing splines on the �y.
• -e Spei�es the neutrino energy or energy range.For example, speifying `-e 1.5' will instrut gevgen to generate eventsat 1.5 GeV.If what follows `-e' is a omma separated pair of values then gevgen willinterpret that as an `energy range'. For example, speifying `-e 0.5,2.3'will be interpreted as the [0.5 GeV, 2.3 GeV℄ range. If an energy rangeis spei�ed then gevgen expets the `-f' option to be set as well so as todesribe the energy spetrum of �ux neutrinos over that range (see below).
• -p Spei�es the neutrino PDG ode.
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• -t Spei�es the target PDG odeThe PDG onvention for ion odes is 10LZZZAAAI (see setion on theGENIE GHEP event reord for details).Multiple targets (a `target mix') an be spei�ed as a omma-separatedlist of PDG odes, eah followed by its orresponding weight fration inbrakets as in:`ode1[fration1℄,ode2[fration2℄,...'.For example, to use a target mix of 95% O16 and 5% H type:`-t 1000080160[0.95℄,1000010010[0.05℄'.
• -f Spei�es the neutrino �ux spetrum.This generi event generation driver allows to speify the �ux in any oneof three simple ways:� As a `funtion'.For example, in order to speify a �ux that has the x2 + 4e−x fun-tional form, type:`-f `x*x+4*exp(-x)�� As a `vetor �le'.The �le should ontain 2 olumns orresponding to energy (in GeV),�ux (in arbitrary units).For example, in order to speify that the �ux is desribed by thevetor �le `/data/�uxve.data', type:`-f /data/fluxve.data'� As a `1-D histogram (TH1D) in a ROOT �le'.The general syntax is: `-f /full/path/file.root,objet_name'.For example, in order to speify that the �ux is desribed by the `nue'TH1D objet in `/data/�ux.root ', type:`-f /data/flux.root,nue'
• -w Fores generation of weighted events.This option is relevant only if a neutrino �ux is spei�ed via the `-f'option. In this ontext `weighted' refers to an event generation biasingin seleting an initial state (a �ux neutrino and target pair at a givenneutrino energy). Internal weighting shemes for generating event kine-matis an still be enabled independently even if `-w' is not set. Don'tuse this option unless you understand what the internal biasing does andhow to analyze the generated sample. The default option is to generatedunweighted events.Examples1. To generate 20,000 νµ (PDG ode: 14) sattered o� Fe56 (PDG ode:1000260560) at an energy of 6.5 GeV, type:



CHAPTER 4. GETTING STARTEDWITH GENIE IN NEUTRINOMODE39shell$ gevgen -n 20000 -s -e 6.5 -p 14 -t 1000260560The -s option will instrut the ode to use pre-omputed ross setion(from an XML �le generated using the gmkspl utility and spei�ed via the`GSPLOAD' environmental variable - See next setion).2. To generate a similar sample as above, but with the νµ energies, between 1and 4 GeV, seleted from a spetrum that has the x2e(−x2+3)/4 funtionalform, type:shell$ gevgen -n 20000 -s -e 1,4 -p 14 -t 1000260560-f `x*x*exp((-x*x+3)/4)'3. To generate a similar sample as above, but with the neutrino �ux de-sribed via the `/path/�ux.data' input vetor �le, type:shell$ gevgen -n 20000 -s -e 1,4 -p 14 -t 1000260560-f /path/flux.data4. To generate a similar sample as above, but with the neutrino �ux desribeda ROOT TH1D histogram alled `nu_�ux' stored in `/path/�le.root ', type:shell$ gevgen -n 20000 -s -e 1,4 -p 14 -t 1000260560-f /path/file.root,nu_fluxNote that the event generation driver will use only the input histogrambins that fall within the spei�ed (via the `-e' option) energy range. Inthe example shown above, all the neutrino �ux bins that do not fall inthe 1 to 4 GeV energy range will be negleted. The bins inluding 1 GeVand 4 GeV will be taken into aount. So the atual energy range used is:from the lower edge of the bin ontaining 1 GeV to the upper edge of thebin ontaining 4 GeV.5. To generate a similar sample as above, but, this time, on a target mix thatis made of 95% O16 (PDG ode: 1000080160) and 5% H (1000010010),type:shell$ gevgen -n 30000 -s -e 1,4 -p 14-t 1000080160[0.95℄,1000010010[0.05℄ -f /path/file.root,nu_flux4.3.2 Event generation outputsDuring event generation a status �le, ontaining MC job statistis and the mostreent event dump, is being updated periodially (see next setion of how toontrol its refresh rate). In default-mode a lot of information is displayed onthe terminal (see next setion on how to ontrol the GENIE verbosity level on aper message stream basis). When the MC job �nishes then a ROOT �le named



CHAPTER 4. GETTING STARTEDWITH GENIE IN NEUTRINOMODE40`<pre�x>.ghep.root ' will have been written-out. It ontains a GHEP MC eventtree (`gtree') and a ouple of ROOT folders, `gon�g' and `genv', ontaining,respetivelly, snapshots of your GENIE on�guration and running environment.You an open the �le in an interative ROOT session and browse these ROOTfolders. Chapter 5 desribes how to set up an `event loop' and analyze thegenerated sample.4.4 Environment-driven GENIE behaviorIn this setion we desribe the e�ets of the GENIE environmental variables.Examples given below are for the bash shell (Modify aordingly for other shells).4.4.1 Changing the MC job seed numberYou set the GENIE MC seed number via the `GSEED' environmental variable.For example, type:shell$ export GSEED=19829839before running an MC job, to set the seed number to 19829839.4.4.2 Overridding the default list of event generation threadsThe set of event generation threads loaded into the event generation drivers isontrolled by the `GEVGL' environmental variables. If unset, GENIE will load aset of event generation threads that orrespond to a omprehensive desription ofevent generation physis. You may wish to override that if you want to generatespei� interation modes only or if you to override the default GENIE threads.For example, in order to instrut the event generation drivers to generate onlyQEL events, type:shell$ export GEVGL=QELbefore running the MC job.Possible `GEVGL' values an be found at:`$GENIE/on�g/EventGeneratorListAssembler.xml.'The sets of event generation threads de�ned there is extensibe.4.4.3 Overridding the default message stream thresholdsThe default thresholds are de�ned in `$GENIE/on�g/Messenger.xml '. This �leontrols the GENIE verbosity. If you wish to override the default threshold fora partiular stream, either beause you want to print-out low level debug infonot shown by default, or beause you want to suppress messages that do getshown by default, then:1. Create a �le similar to `Messenger.xml ' at some loal diretory.



CHAPTER 4. GETTING STARTEDWITH GENIE IN NEUTRINOMODE412. List only the streams whose default priority you want to override and setyour preferred thresholds.3. Set the `GMSGCONF' environmental variable to point to that �le.4.4.4 Setting GENIE in prodution mode verbositySetting the `GPRODMODE' environmental variable to `YES' will enfore a mini-mal verbosity level appropriate for large sale prodution runs: All messagestream threshold levels will be raised to `WARN' so that all `DEBUG', `INFO'& `NOTICE' messages will be �ltered and only `WARN', `ERROR', and `FA-TAL' messages may be shown. To enable the prodution-mode verbosity justtype:shell$ export GPRODMODE=YESTo return to the default behavior, unset the `GPRODMODE' variable:shell$ unset GPRODMODE4.4.5 Override the default GENIE on�guration folderIn a multiple-user environment, users may want to use a single, ommon GE-NIE installation but be able to tweak the GENIE on�guration and behaviorindependently without a�eting other users. GENIE an be instruted to loadits on�guration from a (non-default) user diretory:1. Copy the entire `$GENIE/on�g ' diretory to a user direory, for example:`/path/my_genie_on�g/'.2. Set the `GALGCONF' environmental variable to point to that private dire-tory:shell$ export GALGCONF=/path/my_genie_onfig/GENIE jobs running in an environment where `GALGCONF' is set will load theon�guration from the user diretory, rather from the default diretory. GENIEjobs run by other users, in an environment where `GALGCONF' is unset (or set toa di�erent value), will remain una�eted.4.4.6 Aepting unphysial eventsGENIE events inlude a ROOT TBits error �ag. By default, if any bit is setduring event generation then the event is disarded. Users may hoose to aeptertain types of unphysial events by setting the `GUNPHYSMASK' environmentalvariable, a bit�eld mask instruting GENIE to ignore ertain error bits (orre-sponding to ertain types of unphysial events).[expand℄



CHAPTER 4. GETTING STARTEDWITH GENIE IN NEUTRINOMODE424.4.7 Speifying input XML ross setion �leThe `GSPLOAD' environmental variable an be used to speify the XML rosssetion spline �le to be read-in by the event generation drivers.shell$ export GSPLOAD=/path/to/file.xml4.4.8 Speifying output XML ross setion �leThe `GSPSAVE' environmental variable an be used to speify an XML �le forwritting-out the ross setion splines that were used during a MC job. This isonly usefull when the event generation driver determines that the input set ofsplines (loaded from the XML �le spei�ed via the `GSPLOAD' variable) was nota omplete set of splines for the event generation ase at hand (whih indiatessome sloppiness on your side) and had the missing splines alulated. Settingthe `GSPSAVE' variable in this ase will allow the extended set of splines to bewritten out.4.4.9 Speifying ahe �leAt event generation time ertain repetitive, time-onsuming operations, suhas �nding the maximum di�erential ross setion (for a given proess over theentire phase spae at a �xed energy) so as to be used in rejetion method-basedkinematial seletions et, are ahed by GENIE (its performane improveswith time during an event jeneration job). To write-out the internal ahebu�ers at a ROOT �le so that an be fed-into subsequent jobs one an usethe `GCACHEFILE' environmental variables. To write out the internal ahe into`/some/path/myahe.root ', then type:shell$ export GCACHEFILE=/some/path/myahe.rootIf the `GCACHEFILE' variable is unset then the internal ahe is deleted at the endof the MC job. Modifying GENIE an potentially invalidate previously aheddata.4.4.10 Overriding the default set of global defaultsThe most important GENIE user on�guration parameters are olleted in the$GENIE/on�g/UserPhysisOptions.xml' f ile. Di�erent named sets of these pa-rameters may exist in that �le. By default, GENIE reads-in the `Default' set.To fore GENIE to read-in an alternative parameter set the speify its nameusing the `GUSERPHYSOPT' environmental variable. For example, in order to seta (hypotheti) T2K-preferred set of GENIE on�guration parameters stored inthe `UserPhysisOptions.xml' under the `T2K' name, type:shell$ export GUSERPHYSOPT=T2K4.4.11 Overriding the default GHEP print-out verbosityThe GHEP print-out verbosity an be ontrolled via the `GHEPPRINTLEVEL' en-vironmental variable. Possible values are:
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• `0' : prints-out the partile list.
• `1' : prints-out the partile list and event �ags.
• `2' : prints-out the partile list and event �ags and ross setions / weights.
• `3' : prints-out the partile list and event �ags and ross setions / weightsand event summary info.
• `10' : similar to `0' but partile positions are printed-out too.
• `11' : similar to `1' but partile positions are printed-out too.
• `12' : similar to `2' but partile positions are printed-out too.
• `13' : similar to `3' but partile positions are printed-out too.To print-out the GHEP reord inluding abridged partile list info, event �ags,event ross setions / weights and event summary info, type:shell$ export GHEPPRINTLEVEL=3See the GHepReord::Print() method for more details.The default behavior is the one orresponding to a `GHEPPRINTLEVEL' value of `1'.4.4.12 Overriding the default status �le refresh rateDuring event generation a status �le (named `genie-mjob-[run number℄.status ')is written out and updated periodially. The �le ontains the urrent event num-ber, a print-out of the last generated event, the integrated proessing time andthe average proessing time per event and is quite usefull for monitoring theevent generation progress. By default, the �le is refreshed every 100 events.One an modify the refresh rate by setting the `GMCJMONREFRESH' environmentalvariable. For example, in order to set the refresh rate to 5 events, type:shell$ export GMCJMONREFRESH=5



Chapter 5Using realisti �uxes anddetetor geometries5.1 IntrodutionThe main task of GENIE is to simulate the omplex physis proesses takingplae when a neutrino is sattered o� a nulear target. The generator employsadvaned, heavily validated models to desribe the primary sattering proess,the neutrino-indued hadroni multipartile prodution and the intra-nulearhadron transport and re-sattering.Event generation for realisti experimental setups presents neutrino genera-tors with additional omputational hallenges. The physis generator is requiredto handle a large number of nulear targets (ranging from as light as H1 to asheavy as Pb208). Moreover, when simulating neutrino interations in dete-tors (suh as the JPARC and NuMI near detetors) exposed to a non-uniformneutrino �ux hanging rapidly aross the detetor volume, it is partiularly im-portant to take into aount both the detailed detetor geometry and the spatialdependenies of the �ux. This ensures the proper simulation of bakgrounds andavoids introduing highly non-trivial MC artifats.The GENIE framework provides many o�-the-shelf omponents for simu-lating neutrino interations in realisti experimental setups. New omponents,enapsulating new neutrino �uxes or detetor geometry desriptions, an betrivially added and seamlessly integrated with the GENIE neutrino interationphysis desriptions.5.2 Components for building ustomized eventgeneration appliationsGENIE is being used by a host of preision-era neutrino experiments and strivesto provide o�-the-shelf omponents for generating neutrino interations un-der the most realisti assumptions integrating the state-of-the-art GENIE neu-trino interation modeling with detailed �ux and detetor geometry desrip-tions.GENIE provides an event generation driver lass, GMCJDriver, that anbe used to setup ompliated Monte Carlo jobs involving arbitrarily omplex,44



CHAPTER 5. USING REALISTIC FLUXES AND DETECTOR GEOMETRIES 45realisti beam �ux simulations and detetor geometry desriptions. These �uxdesriptions are typially derived from experiment-spei� beam-line simula-tions while the detetor geometry desriptions are typially derived from CADengineering drawings mapped into the Geant4, ROOT or GDML geometry de-sription languages. Obviously, �ux and detetor geometry desriptions antake many forms, driven by experiment-spei� hoies. GENIE standardizesthe geometry and �ux driver interfaes. They de�ne the operations that GE-NIE needs to perform on the geometry and �ux desriptions and the informationGENIE needs to extrat from these in order to generate events. Conrete im-plementations of these interfaes are loaded into the GENIE event generationdrivers, extending GENIE event generation apabilities and allow it to seam-lessly integrate new geometry desriptions and beam �uxes.5.2.1 Conrete neutrino �ux driversIn GENIE every onrete �ux driver implements the GFluxI interfae. The in-terfae de�nes what neutrino �ux information is needed by the event generationdrivers and how that information is to be obtained. Eah onrete �ux driverinludes methods to
• Delare the list of �ux neutrinos that an be generated. This informationis used for initialization purposes, in order to onstrut a list of all possibleinitial states in a given event generation run.
• Delare the maximum energy. Again this information is used for initial-ization purposes, in order to alulate the maximum possible interationprobability in a given event generation run. Sine neutrino interationprobabilities are tiny and in order to boost the MC performane, GE-NIE sales all interation probabilities in a partiular event generationrun so that the maximum possible interation probability is 1. That max-imum interation probability orresponds to the total interation proba-bility (summed over nulear targets and proess types) for a maximum en-ergy neutrino following a trajetory that maximizes the density-weightedpath-lengths for eah nulear target in the geometry. GENIE adjusts theMC run normalization aordingly to aount for that internal weighting.
• Generate a �ux neutrino and speify its pdg ode, its weight (if any),its 4-momentum and 4-position. The 4-position is given in the detetoroordinate system (as spei�ed by the input geometry). Eah suh �uxneutrino is propagated towards the detetor geometry but is not requiredto ross any detetor volume. GENIE will take that neutrino through thegeometry, alulate density-weighted path-lengths for all nulear targetsin the geometry, alulate the orresponding interations probability o�eah nulear target and deide whether that �ux neutrino should interat.If it interats, an appropriate GEVGDriver will be invoked to generatethe event kinematis.
• Notify that no more �ux neutrinos an be thrown. This �ag is typiallyraised by �ux drivers that simply read-in beam-line simulation outputs(as opposed to run the beam simulation ode on the �y) so as to notify



CHAPTER 5. USING REALISTIC FLUXES AND DETECTOR GEOMETRIES 46GENIE that the end of the neutrino �ux �le has been reahed (after, prob-ably, having been reyled N times). The �ag allows GENIE to properlyterminate the event generation run at the end-of-�ux-�le irrespetive ofthe aumulated number of events, protons on target, or other metri ofexposure.The above orrespond the the ommon set of operations /information that GE-NIE expets to be able to perform / extrat from all onrete �ux drivers.Speialized drivers may de�ne additional information that an be utilized inthe experiment-spei� event generation drivers. One typial example of thisis the �ux-spei� pass-through information, that is information about the �uxneutrino parents suh as the parent meson PDG ode, its 4-momentum its 4-position at the prodution and deay points that GENIE simply attahes to eahgenerated event and passes-through so as to be used in later analysis stages.The latest version of GENIE at the time of writing this artile (version 2.5.1)ontains a host of onrete �ux drivers that allow GENIE to be used in manyrealisti, experiment-spei� situations:
• GJPARCNuFlux : An interfae to the JPARC neutrino beam simulation[53℄ used at SK, nd280, and INGRID.
• GNuMIFlux : An interfae to the NuMI beam simulations [54℄used at MI-NOS, NOvA, MINERvA and ArgoNEUT.
• GBartolAtmoFlux : A driver for the BGLR atmospheri �ux by G. Barr,T.K. Gaisser, P. Lipari, S. Robbins and T. Stanev [55℄.
• GFlukaAtmo3DFlux : A driver for the FLUKA atmospheri neutrino �uxby A. Ferrari, P. Sala, G. Battistoni and T. Montaruli [56℄.
• GCylindTH1Flux : A generi �ux driver, desribing a ylindrial neutrino�ux of arbitrary 3-D diretion and radius. The radial dependene of theneutrino �ux is on�gurable (default: uniform per unit area). The �uxdriver may be used for desribing a number of di�erent neutrino speieswhose (relatively normalised) energy spetra are spei�ed as ROOT 1-Dhistograms. This driver is being used whenever an energy spetrum is anadequate desription of the neutrino �ux.
• GMonoEnergetiFlux : A trivial �ux driver throwing mono-energeti �uxneutrinos along the +z diretion. More that one neutrino speies an beinluded, eah with its own weight. The driver is being used in simulatinga single initial state at a �xed energy mainly for probing, omparing andvalidating neutrino interation models.New onrete �ux drivers (desribing the neutrino �ux from other beam-lines)an be easily developed and they an be e�ortlessly and seamlessly integratedwith the GENIE event generation framework.5.2.2 Conrete geometry driversIn GENIE every onrete geometry driver implements the GeomAnalyzerI in-terfae. The interfae spei�es what information about the input geometry isrelevant to the event generation and how that information is to be obtained.Eah onrete geometry driver implements methods to
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• Delare the list of target nulei that an be found in the geometry. Thisinformation is used for initialization purposes, in order to onstrut a listof all possible initial states in a given event generation run.
• Compute the maximum density-weighted path-lengths for eah nuleartarget in the geometry. Again, this is information used for initializationpurposes. The omputed 'worst-ase' trajetory is used to alulate themaximum possible interation probability in a partiular event generationrun whih is being used internally to normalize all omputed interationprobabilities.
• Compute density-weighted path-lengths for all nulear targets, for a 'trak'of a given 4-momentum and starting 4-position. This allows GENIE toalulate probabilities for eah �ux neutrino to be sattered o� every nu-lear target along its path through the detetor geometry.
• Generate a vertex along a 'trak' of a given 4-momentum and starting 4-position on a volume ontaining a given nulear target. This allows GENIEto plae a neutrino interation vertex within the detetor geometry onean interation of a �ux neutrino o� a seleted nulear target has beengenerated.GENIE urrently ontains two onrete geometry drivers whih are su�ientfor all event generation ases enountered so far:
• ROOTGeomAnalyzer : A geometry driver handling detetor geometriesspei�ed using ROOT. As detetor geometries spei�ed using Geant4 orGDML an be onverted into ROOT geometries, this driver is being usedin all ases where a detailed detetor geometry is being passed on to GE-NIE.
• PointGeomAnalyzer : A trivial geometry orresponding to a single nuleartarget or a target mix (a set of nulear targets eah with its orrespondingweight fration) at a �xed position. This driver is being used to simulateonly given initial states as a means for probing the neutrino interationphysis modeling or in experimental situations where the detetor is beingilluminated by a spatially uniform neutrino beam and where the gener-ated interation verties do not have any spatial dependene and an begenerated uniformly within volumes of given nulear targets.Conluding this setion, again it is worth re-emphasizing that any new dete-tor geometry desription an be seamlessly integrated with the GENIE eventgeneration framework by means of developing an appropriate GENIE geometrydriver.5.3 Experiment-spei� event generation appli-ations5.3.1 The T2K event generation appliationThis setion desribes gT2Kevgen, a GENIE-based event generation appliationfor T2K. It integrates the GENIE with the JNUBEAM [?℄ JPARC neutrino



CHAPTER 5. USING REALISTIC FLUXES AND DETECTOR GEOMETRIES 48beam-line simulation and the detetor geometry desriptions of nd280, 2km,INGRID and Super-K.In summary, the gT2Kevgen syntax is:shell$ gT2Kevgen-g geometry-f flux[-p POT normalization of flux file℄[-t top volume name at geom℄[-m max path lengths xml file℄[-L length units at geom℄[-D density units at geom℄[-n num of events℄[- num of flux yles℄[-e, -E exposure in POTs℄[-o output event file prefix℄[-r run#℄[-h℄where [℄ denotes an optional argument.Details on the driver options an be found below:-g Spei�es the input detetor `geometry'.This option an be used to speify any of:
• A ROOT �le ontaining a ROOT/Geant4-based geometry desription.This is the standard option for generating events in the nd280, 2km andINGRID detetors.Example:To use the ROOT detetor geometry desription stored in the `nd280-geom.root ' �le, type:`-g /some/path/nd280-geom.root'By default the entire input geometry will be used. Use the `-t' optionto allow event generation only on spei� geometry volumes.
• A mix of target materials, eah with its orresponding weight.This is the standard option for generating events in the Super-K detetorwhere the beam pro�le is uniform and distributing the event verties uni-formly in the detetor volume is su�ient. The target mix is spei�ed asa omma-separated list of nulear PDG odes (in the PDG2006 onven-tion: 10LZZZAAAI) followed by their orresponding weight frations inbrakets, as in:`-t ode1[fration1℄,ode2[fration2℄,...'Example 1:To use a target mix of 95% O16 and 5% H type:`-g 1000080160[0.95℄,1000010010[0.05℄'



CHAPTER 5. USING REALISTIC FLUXES AND DETECTOR GEOMETRIES 49Example 2:To use a target whih is 100% C12, type:`-g 1000060120'-f Spei�es the input `neutrino �ux'.This option an be used to speify any of:
• A JNUBEAM �ux ntuple and the detetor loation. The general sytax is:`-f /path/flux_file.root,detetor_lo(,neutrino_list)'The detetor loation an be any of `sk' or the near detetor positions`nd1',...,`nd6' simulated by JNUBEAM. The ntuple has to be in ROOTformat and an be generated from the distributed HBOOK ntuples usingROOT's h2root utility.The optional neutrino_list is a omma separated list neutrino PDG odes.It spei�es whih neutrino �ux speies to to onsidered in the event gen-eration job. If no suh neutrino list is spei�ed then, by default, GENIEwill onsider all neutrino speies in the input �ux ntuple.When a JNUBEAM ntuple is used for desribing the neutrino �ux, GENIEis able to alulate the POT exposure for the generated event sample andany one of the exposure setting methods (`-e', `-E', `-', `-n', see below)an be used.All JNUBEAM information on the �ux neutrino parent (parent PDG ode,parent 4-position and 4-momentum at the prodution and deay pointset) are stored in a `�ux' branh of the output event tree and is assoiatedwith the orresponding generated neutrino event.Example 1:To use the Super-K JNUBEAM �ux ntuple from the `/t2k/�ux/jnubeam001.root '�le, type:`-f /t2k/flux/jnubeam001.root,sk'Example 2:To use the 2km �ux ntuple [near detetor position `nd1' in the jnubeam�ux simulation℄ from the `/t2k/�ux/jnubeam001.root ' �le, type:`-f /t2k/flux/jnubeam001.root,nd1'Example 3:To use the nd280 �ux ntuple [near detetor position `nd5' in the jnubeam�ux simulation℄ from the `/t2k/�ux/jnubeam001.root ' �le, type:`-f /t2k/flux/jnubeam001.root,nd5'Example 4:To the same as above but using only the νe and ν̄e �ux ntuple entries,type:`-f /t2k/flux/jnubeam001.root,nd5,12,-12'
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• A set of �ux histograms stored in a ROOT �le. The general syntax is:`-f /path/file.root,neutrino_ode[histo℄,...'where neutrino_ode is a standard neutrino PDG ode1 and histo is theorresponding ROOT histogram name.Multiple �ux histograms an be spei�ed for di�erent �ux neutrino speies(see the example given below). The relative �ux normalization for allneutrino speies should be represented orretly at the input histogramnormalization. The absolute �ux normalization is not relevant: Unlikewhen using JNUBEAM ntuples to desribe the �ux, no POT alulationsare performed when plain histogram-based �ux desriptions are employed.One an only ontrol the MC run exposure via the number of generatedevents (`-n', see below). In this ase the POT normalization of the gener-ated sample is alulated externally.Sine there is no diretional information in histogram-based desriptionsof the �ux, the generated neutrino vertex is always set to (0,0,0,0). Thenit is the detetor MC responsibility to rotate the interation vetors andplant the vertex 2 Obviously no �ux pass-through branh is written out inthe neutrino event tree sine no suh information is assoiated with �uxneutrinos seleted from plain histograms.Example:To use the histogram `h1' (representing the νµ �ux) and the histogram`h2' (representing the νe �ux) from the `/data/�ux.root' �le, type:`-f /data/flux.root,14[h1℄,12[h2℄'-t Spei�es the input top volume for event generation.This is an optional argument. By default, it is set to be the `master volume'of the input geometry resulting in neutrino events being generated over the en-tire geometry volume. If the `-t' option is set, event generation will be on�nedin the spei�ed detetor volume. The option an be used to simulate events atspei� sub-detetors.Example:To generate events in the P0D only, type:-t P0DCaveat:The option was not supported in GENIE v2.4.0 used at MDC0 due to the fatthat oordinate transformations between the master oordinate system and theloal oordinate systems of arbitrary geometry volumes were not implementedin the GENIE geometry driver. Events at MDC0 were generated using the en-tire input geometry volume. The -t option has been implemented at GENIEv2.5.1 and an be used at future physis MC produtions.1νe: 12, νµ: 14, ντ : 16, ν̄e: -12, ν̄µ: -14 and ν̄τ : -162This option is used only for the Super-K simulation where verties are distributed uni-formly in volume by the detetor MC (SKDETSIM). For event generation at the more omplexnear detetors a JNUBEAM ntuple-based �ux desription should be used so as the interationvertex is properly planted within the input geometry by GENIE.



CHAPTER 5. USING REALISTIC FLUXES AND DETECTOR GEOMETRIES 51-m Spei�es an XML �le with the maximum density-weighted path-lengthsfor eah nulear target in the input geometry.This is an optional argument. If the option is not set then, at the MC jobinitialization, GENIE will san the input geometry to determine the maximumdensity-weighted path-lengths for all nulear targets. The omputed informa-tion is used for alulating the neutrino interation probability sale to be usedin the MC job (the tiny neutrino interation probabilities get normalized toa probability sale whih is de�ned as the maximum possible total interationprobability, orresponding to a maximum energy neutrino in a worst-ase traje-tory maximizing its density-weighted path-length, summed up over all possiblenulear targets). That probability sale is also used to alulate the absolute,POT normalization of a generated event sample from the POT normalizationof the input JNUBEAM �ux ntuple.Feeding-in pre-omputed maximum density-weighted path-lengths results infaster MC job initialization and ensures that the same interation probabilitysale is used aross all MC jobs in a physis prodution job (the geometry issanned by a MC ray-traing method and the alulated safe maximum density-weighted path-lengths may di�er between MC jobs).The maximum density-weighted path-lengths for a Geant4/ROOT-based de-tetor geometry an be pre-omputed using GENIE's gmxpl utility.-L Spei�es the input geometry length units.This is an optional argument.By default, that option is set to `mm', the length units used for the nd280 de-tetor geometry desription.Possible options inlude: `m', `m', `mm', ...-D Spei�es the input geometry density units.This is an optional argument.By default, that option is set to `lhep_def_density_unit', the density unitused for the nd280 detetor geometry desription (= ∼1.6E-19 x g/m3 !).Possible options inlude: `kg_m3', `g_m3', `lhep_def_density_unit',...-p Spei�es to POT normalization of the input �ux �le.This is an optional argument. By default, it is set to the standard JNUBEAM�ux ntuple normalization of 1E+21 POT/detetor (for the near detetors) or1E+21 POT/m2 (for the far detetor)That will be used to interpret the �ux weights and alulate the POT normal-ization for the generated neutrino event sample. The option is irrelevant if asimple, histogram-based desription of the neutrino �ux is used (see -f option)- Spei�es how many times to yle a jnubeam �ux ntuple.This option provides a way to set the MC job exposure in terms of ompleteJNUBEAM �ux ntuple yles. On eah yle, every �ux neutrino in the ntuplewill be thrown towards the detetor geometry.-e Spei�es how many POTs to generate.



CHAPTER 5. USING REALISTIC FLUXES AND DETECTOR GEOMETRIES 52If this option is set, gT2Kevgen will work out how many times it has to ylethrough the input �ux ntuple in order to aumulate the requested statistis.The program will stop at the earliest omplete �ux ntuple yle after aumu-lating the required statistis. The generated statistis will slightly overshootthe requested number but the alulated exposure (whih is also stored at theoutput �le) will be exat. This option is only available with JNUBEAM ntuple-based �ux desriptions.-E Spei�es how many POTs to generate.This option is similar to `-e' but the program will stop immediately afterthe requested POT has been aumulated, without waiting for the urrent loopover the �ux ntuple entries to be ompleted. The generated POT overshoot(with respet to the requested POT) will be negligible, but the POT alula-tion within a �ux ntuple yle is only approximate. This re�ets the detailsof the JNUBEAM beam-line simulation. This option is only available withJNUBEAM ntuple-based �ux desriptions.-n Spei�es how many events to generate.Note that out of the 4 possible ways of setting the exposure (`-', `-e', `-E',`-n') this is the only available one if a plain histogram-based �ux desription isused.-o Sets the pre�x of the output event �le.This is an optional argument. It allows you to override the output event �lepre�x. In GENIE, the output �lename is built as:prefix.run_number.event_tree_format.file_formatwhere, in gT2Kevgen, by default, prefix: `gntp' and event_tree_format: `ghep'and file_format: `root'.-r Spei�es the MC run number.This is an optional argument. By default a run number of `1000' is used.-h Prints out the gT2Kevgen syntax and exits.Examples1. Generate events (run number `1001') using the jnubeam �ux ntuple in`/data/t2k/�ux/07a/jnb001.root ' and piking up the �ux entries for thedetetor loation `nd5' (whih orresponds to the `nd280m' loation). Thejob will load the nd280 geometry from `/data/t2k/geom/nd280.root ' andinterpret it assuming the length unit is `mm' and the density unit is thedefault CLHEP one. The job will stop on the �rst omplete �ux ntupleyle after generating 5E+17 POT.shell$ gT2Kevgen -r 1001 -f /data/t2k/flux/07a/jnb001.root,nd5



CHAPTER 5. USING REALISTIC FLUXES AND DETECTOR GEOMETRIES 53-g /data/t2k/geom/nd280.root -L mm -D lhep_def_density_unit -e 5E+172. As before, but now the job will stop after 100 �ux ntuple yles, whateverPOT and number of events that may orrespond to.shell$ gT2Kevgen -r 1001 -f /data/t2k/flux/07a/jnb001.root,nd5-g /data/t2k/geom/nd280.root -L mm -D lhep_def_density_unit - 1003. As before, but now the job will stop after generating 100000 events, what-ever POT and number of �ux ntuple yles that may orrespond to.shell$ gT2Kevgen -r 1001 -f /data/t2k/flux/07a/jnb001.root,nd5-g /data/t2k/geom/nd280.root -L mm -D lhep_def_density_unit -n 1000004. Generate events (job number `1001') using the jnubeam �ux ntuple in`/data/t2k/�ux/07a/jnb001.root ' and piking up the �ux entries for theSuper-K detetor loation. This time, the job will not use any detaileddetetor geometry desription but just (95% O16 + 5% H) target-mix.The job will stop after generating 50000 events.shell$ gT2Kevgen -r 1001 -f /data/t2k/flux/07a/jnb001.root,sk-g 1000080160[0.95℄,1000010010[0.05℄ -n 500005. As before, but now the �ux is not desribed using a JNUBEAM ntuplebut a set of 1-D histograms from the `/data/�x.root ' �le: The histogramnamed `h1' will be used for the νe �ux, `h2' will will be used for the ν̄e�ux, and `h3' for the νµ �ux.shell$ gT2Kevgen -r 1001 -f /data/flx.root,12[h1℄,-12[h2℄,14[h3℄-g 1000080160[0.95℄,1000010010[0.05℄ -n 500005.3.2 The NuMI event generation appliationThis setion desribes g?evgen, a GENIE-based event generation appliationfor experiments in the NuMI beam-line. It integrates the GENIE neutrino in-teration simulations with the GNUMI-based [?℄ beam-line simulation and thegeometry desriptions of MINOS Far/Near, NoVA Far/Near, MINERvA, Ar-goNEUT, MiroBooNE and other detetors.In summary, the g?evgen syntax is:[to be written℄5.4 Adding a new experiment-spei� event gen-eration appliation[to be written℄



Chapter 6Analyzing GENIE outputs6.1 Introdution[to be written℄6.2 Understanding the GHEP event struture6.2.1 PartilesThe basi output unit of the event generation proess is a `partile'. This isan overloaded term used to desribe both partiles and nulei appearing in theinitial, intermediate or �nal state, or generator-spei� pseudo-partiles usedfor failitating book-keeping of the generator ations.Eah suh 'partile' generated by GENIE is an instane of the GHepPartilelass. These objets ontain information with partile-sope suh as its partileand status odes, its pdg mass, harge and name, the indies of its motherand daughter partiles marking possible assoiations with other partiles in thesame event, its 4-momentum and 4-position (in the target nuleus oordinatesystem), its polarization vetor, and other properties. The GHepPartile lassinludes methods for setting and querying these properties.GENIE has adopted the standard PDG partile odes. For ions it hasadopted a PDG extension, using the 10-digit ode 10LZZZAAAI where AAA isthe total baryon number, ZZZ is the total harge, L is the number of strangequarks and I is the isomer number (I=0 orresponds to the ground state).GENIE-spei� pseudo-partiles have PDG ode >= 2000000000 and an on-vey important information about the underlying physis model. Pseudo-partilesgenerated by other speialized MCs that may be alled by GENIE (suh asPYTHIA) are allowed to retain the odes spei�ed in that MC.GENIE marks eah partile with a status ode. This signi�es the positionof an partile in an event and helps navigating within the event reord. Mostgenerated partiles are typially marked as one of the following:
• `initial state ' typially the �rst two partiles of the event reord orre-sponding to the inoming neutrino and the nulear target.54
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• `nuleon target' , orresponding to the hit nuleon (if any) within thenulear target.
• `intermediate state' , typially referring to the remnant nuleus, frag-mentation intermediates suh as quarks, diquarks, some intermediate pseudo-partiles et.
• `hadron in the nuleus' , referring to a partile of the primary hadronisystem, that is the partiles emerging from the primary interation ver-tex before their possible re-interations during their intranulear hadrontransport.
• `deayed state' , suh as for example unstable partiles that have beendeayed.
• `stable �nal state' for the relatively long-lived partiles emerging fromthe nulear targetsAll partiles generated by GENIE during the simulation of a single neutrinointeration are stored in a dynami ontainer representing an `event'.6.2.2 EventsEvents generated by GENIE are stored in a ustom, STDHEP -like, event reordalled GHEP reord. Eah GHEP event reord, an instane of the GHepReordlass, is a ROOT TClonesArray ontainer of GHepPartile objets representingindividual partiles.Other than being a ontainer for the generated partiles, the event reordholds additional information with event-, rather than partile-, sope suh asthe ross setions for the seleted event and the di�erential ross setion for theseleted event kinematis, the event weight, a series of ustomizable event �agsand an interation summary (see next setion).Additionally, the event reord inludes a host of methods for querying /setting event properties inluding many methods that allow querying for spei�partiles within the event (suh as for example methods to return the targetnuleus, the �nal state primary lepton or a list of all the stable desendants ofany intermediate partile).The event reord features a `spontaneous re-arrangement' feature whihmaintains the ompatness of the daughter lists at any given time. This isneessary for the orret interpretation of the stored partile assoiations as thedaughter indies orrespond to a ontiguous range. The partile mother anddaughter indies for all partiles in the event reord are automatially updatedas a result of any suh spontaneous partile rearrangement.The event generation itself is built around the GHEP event reord usingthe Visitor design pattern. That interation between the reord and the eventgeneration ode will be outlined in the following setions.The GHEP struture is highly ompatible with the event strutures usedin most HEP generators. That allows us to all other generators (suh as forexample PYTHIA / JETSET) as part of an event generation hain and onvert/ append their output into the urrent GHEP event. Additionally the GHEP



CHAPTER 6. ANALYZING GENIE OUTPUTS 56events an be onverted to many other formats for failitating the GENIE inter-fae with experiment-spei� o�ine software systems and ross-generator om-parisons.6.2.3 InterationsAll partiles generated by GENIE for eah simulated event are stored into aGHEP reord whih represents the most omplete desription of a generatedevent. Certain external heavy-weight appliations suh as speialized event-reweighing shemes or realisti, experiment-level MC simulation hains usingthe generator as the physis front-end require that detailed partile-level infor-mation.However, many of the atual physis models employed by the generator,suh as ross setion, form fator or struture funtion models, require a muhsimpler event desription. An event desription based on simple summary in-formation, typially inluding a desription of the initial state, the proess typeand the sattering kinematis, is su�ient for driving the algorithmi objetsimplementing these physis models. In the interest of deoupling the physismodels from event generation and the partile-level event desription, GENIEuses an Interation objet to store summary event information. Whenever possi-ble, algorithmi objets implementing physis models aept a single Interationobjet as their sole soure of information about an event. That enables the use ofthese models both within the event generation framework but also within a hostof external appliations suh as model validation frameworks, event re-weightingtools and user physis analysis ode.An Interation objets is an aggregate, hierarhial struture, ontainingmany speialised objets holding information for the initial state (InitialStateobjet), the event kinematis (Kinematis objet), the proess type (Proess-Info objet) and potential additional information for tagging exlusive hannels(XlsTag objet).Users an easily instantiate Interation objets and use them to drive physismodels. Creating this aggregate hierarhial struture is streamlined using the`named onstrutor' C++ idiom. For example, in order to de�ne a 5 GeVQELCC νµ+neutron interation, where the neutron is bound in a Fe56 nuleus,(νµ PDG ode = 14, neutron PDG ode = 2112, Fe56 PDG ode = 1000260560),one needs to instantiate an Interation objet as in:Interation * qel = Interations::QELCC(1000260560, 2112, 14, 5.0);That interation de�nition an be used as is to drive a QELCC ross setionalgorithm.The Interation objets an serialize themselves as a unique string odeswhih, within the GENIE framework, play the role of the `reation odes' ofthe old proedural systems. These string odes are used extensively wheneverthere is a need to map information to or from interation types (as for example,mapping interation types to pre-omputed ross setion splines, or mappinginteration types to speialized event generation ode)Eah generated event has an Interation summary objet attahed to it andwritten out in the output event trees. Despite the impliations of having a er-tain amount of redundany (in the sense that this summary information anbe rereated entirely from the information at the GHEP reord) this strategy



CHAPTER 6. ANALYZING GENIE OUTPUTS 57presents many advantages during both event generation and analysis of gener-ated events.6.3 Understanding mother / daughter partile as-soiations[to be written℄Idx Name ISt PDG Mom Kids E px py ...0 nu_mu 0 14 -1 4 4 ... ... ... ...1 Fe56 0 1000260560 -1 2 32 neutron 11 2112 1 5 73 Fe55 2 1000260550 1 10 104 mu- 1 13 0 -1 -15 HadrSyst 12 2000000001 2 -1 -16 proton 14 211 2 -1 -17 pi0 14 111 2 8 98 proton 1 22 7 -1 -19 pi- 1 -211 7 -1 -110 HadrBlob 15 2000000002 3 -1 -1Table 6.1: [to be written - explain what is going on in this event℄Idx Name ISt PDG Mom Kids E px py ...0 nu_mu 0 14 -1 5 5 ... ... ... ...1 Fe56 0 1000260560 -1 2 32 proton 11 2212 1 4 43 Mn55 2 1000250550 1 12 124 Delta++ 3 2224 2 6 75 mu- 1 13 0 -1 -16 proton 14 2112 4 8 87 pi+ 14 211 4 11 118 proton 3 2212 6 9 109 proton 1 2212 8 -1 -110 proton 1 2212 8 -1 -111 pi+ 1 211 7 -1 -112 HadrBlob 15 2000000002 3 -1 -1Table 6.2: [to be written - explain what is going on in this event℄
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Idx Name ISt PDG Mom Kids E px py ...0 nu_mu 0 14 -1 4 4 ... ... ... ...1 Fe56 0 1000260560 -1 2 32 neutron 11 2112 1 5 53 Fe55 2 1000260550 1 22 224 mu 1 13 0 -1 -15 HadrSyst 12 2000000001 2 6 76 u 12 2 5 887 ud_1 12 2103 5 -1-18 string 12 92 6 9 119 pi0 14 111 8 141410 proton 14 2212 8 15 1511 omega 12 223 8 12 1312 pi- 14 -211 11 16 1613 pi+ 14 211 11 21 2114 pi0 1 111 9 -1 -115 proton 1 2212 10 -1 -116 pi- 3 -211 12 17 2017 neutron 1 2112 16 -1 -118 neutron 1 2112 16 -1 -119 proton 1 2212 16 -1 -120 proton 1 2212 16 -1 -121 pi+ 1 211 13 -1 -122 HadrBlob 15 2000000002 3 -1 -1Table 6.3: to be written - explain what is going on in this event



CHAPTER 6. ANALYZING GENIE OUTPUTS 596.4 The event loopAn`event loop' skeleton is given below. You may insert your event analysis odewhere is indiated below. Please look at the next setion for information onhow to extrat information from the `event' objet.{ ...// Open the GHEP/ROOT filestring filename = /data/sample.ghep.root;TFile file(filename._str(), READ);// Get the tree header & print itNtpMCTreeHeader * header =dynami_ast<NtpMCTreeHeader*> (file.Get("header"));LOG(test, pINFO) << *header;// Get the GENIE GHEP tree and set its branh addressTTree * tree = dynami_ast<TTree*> (file.Get(gtree));NtpMCEventReord * mre = 0;tree->SetBranhAddress(gmre, &mre);// Event loopfor(Long64_t i=0; i<tree->GetEntries(); i++){tree->GetEntry(i);// print-out the eventEventReord & event = *(mre->event);LOG(test, pINFO) << event;// put your event analysis ode here......mre->Clear();}...} An`event loop' skeleton an be found in `$GENIE/sr/test/testEveltLoop.xx'.Copy this �le and use it as a starting point for your event loop.



CHAPTER 6. ANALYZING GENIE OUTPUTS 606.5 Extrating event informationThe readers are instruted to spend some time browsing the GENIE doxy-gen doumentation, espeially the lasses de�ned in the Interation and GHEPpakages, and familiarize themselves with the publi methods. Some exampleson how to extrat information from an `event' objets are given below.Examples1. Extrat the interation summary for the given event and hek whether itis a QEL CC event (exluding QEL CC harm prodution):{...Interation * in = event.Summary();onst ProessInfo & pro = in->ProInfo();onst XlsTag & xlsv = in->ExlTag();bool qel = pro.IsQuasiElasti() && pro.IsWeakCC();bool harm = xlsv.IsCharm();if (qel && !harm){ ...}...}2. Get the energy threshold for the given event:{...Interation * in = event.Summary();double Ethr = in->PhaseSpae().Threshold();...}3. Get the momentum transfer Q2 and hadroni invariant mass W , as gen-erated during kinematial seletion, for RES CC event:{...onst ProessInfo & pro = in->ProInfo();onst Kinematis & kine = in->Kine();



CHAPTER 6. ANALYZING GENIE OUTPUTS 61bool seleted = true;if (pro.IsResonant() && pro.IsWeakCC()){ double Q2s = kine.Q2(seleted);double Ws = kine.W (seleted);}...}4. Calulate the momentum transfer Q2, the energy transfer ν, the Bjorkenx variable, the inelastiity y and the hadroni invariant mass Wdiretlyfrom the event reord:{ ...// get the neutrino, f/s primary lepton and hit// nuleon event reord entries//GHepPartile * neu = event.Probe();GHepPartile * fsl = event.FinalStatePrimaryLepton();GHepPartile * nu = event.HitNuleon();// the hit nuleon may not be defined// (eg. for oherent, or ve- events)//if(!nu) return;// get their orresponding 4-momenta (� LAB)//onst TLorentzVetor & k1 = *(neu->P4());onst TLorentzVetor & k2 = *(fsl->P4());onst TLorentzVetor & p1 = *(nu->P4());// alulate the kinemati variables// (eg see Part.Phys. booklet, page 191)//double M = kNuleonMass;TLorentzVetor q = k1 - k2;double Q2 = -1 * q.M2();double v = q.Energy();double x = Q2 / (2*M*v);double y = v / k1.Energy();double W2 = M*M - 2*M*v - Q2;double W = TMath::Sqrt(TMath::Max(0., W2));



CHAPTER 6. ANALYZING GENIE OUTPUTS 62...}5. Loop over partiles and ount the number of �nal state pions:{...int npi = 0;TObjArrayIter iter(&event);GHepPartile * p = 0;// loop over event partilesfor((p = dynami_ast<GHepPartile *>(iter.Next()))) {int pdg = p->Pdg();int status = p->Status();if(status != kIStStableFinalState) ontinue;bool is_pi = (pdg == kPdgPiP ||pdg == kPdgPi0 ||pdg == kPdgPiM);if(is_pi) npi++;}...}6. Get the orresponding NEUT reation ode for a GENIE event:{ ...int neut_ode = utils::ghep::NeutReationCode(&event);...}6.6 Event tree onversionsYou do not need to onvert the GENIE GHEP trees in order to analyze thegenerated samples or pass them on to a detetor-level Monte Carlo. But youan do so if:
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• you need to pass GENIE events to legay systems using already standard-ized formats,
• you want to be able to read-in GENIE events without loading any GENIElibraries (eg bare-ROOT, or XML formats),
• you want to extrat just summary information and write it out in simplerntuples.6.6.1 The gtp ntuple onversion utilityThe gntp utility onverts the native GENIE GHEP event tree �le to a host ofplain text, XML or bare-ROOT formats. More output formats an be added eas-ily. The gntp soure ode an be found in `$GENIE/sr/stdapp/gNtpConv.xx' .In summary, the gntp syntax is:shell$ gntp -i input_file [-o output_file℄ -f format [-n nev℄where [℄ denotes an optional argument.Details on the utility options an be found below:
• -n Spei�es the number of events to onvert.By default, gntp will onvert all events in the input �le.
• -i Spei�es an input GENIE GHEP event tree �le.
• -f Spei�es the output �le format.This an be any of the following strings:`gst', `gxml', `rootraker', `t2k_rootraker', `'numi_rootraker, `t2k_traker',or `nuane_traker'.Details on these formats are given below.Additional formats are supported by gntp but they are used mainly forGENIE testing purposes and will not be desribed here.
• -o Spei�es the output �le name.By default, if no argument is spei�ed via the `-o' option, the output�le name is onstruted from the input GHEP �le name by removing the`.ghep.root' (or `.root') extension and by appending:� `gst' format: `.gst.root'� `gxml' format: `.gxml'� `rootraker' format: `.gtra.root'



CHAPTER 6. ANALYZING GENIE OUTPUTS 64� `t2k_rootraker' format: `.gtra.root'� `numi_rootraker' format: `.gtra.root'� `t2k_traker' format: `.gtra.dat'� `nuane_traker' format: `.gtra_legay.dat'Examples:1. To onvert all events in the input GHEP �le `my�le.ghep.root ' into the`t2k_rootraker' format, type:shell$ gntp -i myfile.ghep.root -f t2k_rootrakerThe output �le is named automatially `my�le.gtra.root '2. To onvert the �rst 20,000 events in the GHEP �le `my�le.ghep.root ' intothe `gst' format and name the output �le `out.root ', type:shell$ gntp -i myfile.ghep.root -f gst -n 20000 -o out.root6.6.2 Formats supported by gntp6.6.2.1 The `gst' formatThe `gst' is a GENIE summary ntuple format. It is a simple, plain ntuple thatan be easily used for plotting in interative ROOT sessions. The stored ROOTTTree ontains the following branhes:
• iev (int): Event number.
• neu (int): Neutrino PDG ode.
• tgt (int): Nulear target PDG ode (10LZZZAAAI).
• Z (int): Nulear target Z.
• A (int): Nulear target A.
• hitnu (int): Hit nuleon PDG ode (not set for oherent, inverse muondeay and ve- elasti events).
• hitqrk (int): Hit quark PDG ode (set for deep-inelasti sattering eventsonly).
• sea (bool): Hit quark is from sea (set for deep-inelasti sattering eventsonly).
• resid (bool): Produed baryon resonane id (set for resonane eventsonly).
• qel (bool): Is it a quasi-elasti sattering event?
• res (bool): Is it a resonane neutrino-prodution event?
• dis (bool): Is it a deep-inelasti sattering event?
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• oh (bool): Is it a oherent meson prodution event?
• dfr (bool): Is it a di�rative meson prodution event?
• imd (bool): Is it an invese muon deay event?
• nuel (bool): Is it a ve- elasti event?
•  (bool): Is it a CC event?
• n (bool): Is it a NC event?
• harm (bool): Produes harm?
• neut_ode (int): The equivalent NEUT reation ode (if any).
• nuane_ode (int): The equivalent NUANCE reation ode (if any).
• wght (double): Event weight.
• xs (double): Bjorken x (as was generated during the kinematial seletion/ o�-shell kinematis).
• ys (double): Inelastiity y (as was generated during the kinematial sele-tion / o�-shell kinematis).
• ts (double): Energy transfer to nuleus (nuleon) at oherent (di�rative)prodution events (as was generated during the kinematial seletion).
• Q2s (double): Momentum transfer Q2 (as was generated during the kine-matial seletion / o�-shell kinematis) (in GeV 2).
• Ws (double): Hadroni invariant mass W (as was generated during thekinematial seletion / o�-shell kinematis).
• x (double): Bjorken x (as omputed from the event reord).
• y (double): Inelastiity y (as omputed from the event reord).
• t (double): Energy transfer to nuleus (nuleon) at oherent (di�rative)prodution events (as omputed from the event reord).
• Q2 (double): Momentum transfer Q2 (as omputed from the event reord)(in GeV 2).
• W (double): Hadroni invariant mass W (as omputed from the eventreord).
• Ev (double): Inoming neutrino energy (in GeV).
• pxv (double): Inoming neutrino px (in GeV).
• pyv (double): Inoming neutrino py (in GeV).
• pzv (double): Inoming neutrino pz (in GeV).
• En (double): Initial state hit nuleon energy (in GeV).
• pxn (double): Initial state hit nuleon px (in GeV).
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• pyn (double): Initial state hit nuleon py (in GeV).
• pzn (double): Initial state hit nuleon pz (in GeV).
• El (double): Final state primary lepton energy (in GeV).
• pxl (double): Final state primary lepton px (in GeV).
• pyl (double): Final state primary lepton py (in GeV).
• pzl (double): Final state primary lepton pz (in GeV).
• nfp (int): Number of �nal state p and p̄ (after intranulear resattering).
• nfn (int): Number of �nal state n and n̄.
• nfpip (int): Number of �nal state π+.
• nfpim (int): Number of �nal state π−.
• nfpi0 (int): Number of �nal state π0.
• nfkp (int): Number of �nal state K+.
• nfkm (int): Number of �nal state K−.
• nfk0 (int): Number of �nal state K0 and K̄0.
• nfem (int): Number of �nal state γ, e−and e+.
• nfother (int): Number of heavier �nal state hadrons (D+/-,D0,Ds+/-,Lamda,Sigma,Lamda_,Sigma_,...).
• nip (int): Number of `primary' (`primary' : before intranulear resatter-ing) p and p̄.
• nin (int): Number of `primary' n and n̄.
• nipip (int): Number of `primary' π+.
• nipim (int): Number of `primary' π−.
• nipi0 (int): Number of `primary' π0.
• nikp (int): Number of `primary' K+.
• nikm (int): Number of `primary' K−.
• nik0 (int): Number of `primary' K0 and K̄0.
• niem (int): Number of `primary' γ, e−and e+ (eg from nulear de-exitations or from pre-intranuked resonane deays).
• niother (int): Number of other `primary' hadron shower partiles.
• nf (int): Number of �nal state partiles in hadroni system.
• pdgf (int[kNPmax℄): PDG ode of kth �nal state partile in hadronisystem.
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• Ef (double[kNPmax℄): Energy of kth �nal state partile in hadroni system(in GeV).
• pxf (double[kNPmax℄): Px of kth �nal state partile in hadroni system(in GeV).
• pyf (double[kNPmax℄): Py of kth �nal state partile in hadroni system(in GeV).
• pzf (double[kNPmax℄): Pz of kth �nal state partile in hadroni system(in GeV).
• ni (int): Number of partiles in the `primary' hadroni system (`primary': before intranulear resattering).
• pdgi (int[kNPmax℄): PDG ode of kth partile in `primary' hadroni sys-tem.
• Ei (double[kNPmax℄): Energy of kth partile in `primary' hadroni system(in GeV).
• pxi (double[kNPmax℄): Px of kth partile in `primary' hadroni system(in GeV).
• pyi (double[kNPmax℄): Py of kth partile in `primary' hadroni system(in GeV).
• pzi (double[kNPmax℄): Pz of kth partile in `primary' hadroni system (inGeV).
• vtxx (double): Vertex x in detetor oord system (in SI units).
• vtxy (double): Vertex y in detetor oord system (in SI units).
• vtxx (double): Vertex z in detetor oord system (in SI units).
• vtxt (double): Vertex t in detetor oord system (in SI units).
• alresp0 (double): An approximate alorimetri response to the generatedhadroni vertex atibity, alulated by summing up: the kineti energyfor generated {π+, π−, p, n}, the energy+mass for generated {p̄, n̄}, the(e/h)*energy for generated {π0, γ, e−, e+} (with an e/h = 1.3) and thekineti energy for any other generated partile.ExamplesExamples on how to extrat / plot information from the `gst' summary ntuplesare given below1. To draw a histogram of the �nal state primary lepton energy for all νµCC DIS interations with an invariant mass W > 3 GeV, then type:root[0℄ gst->Draw(�El�,�dis&&&&neu==14&&Ws>3�);2. To draw a histogram of all �nal state π+ energies in CC RES interations,then type:root[0℄ gst->Draw(�Ef�,�pdgf==211&&res&&�);



CHAPTER 6. ANALYZING GENIE OUTPUTS 686.6.2.2 The `gxml' formatThe `gxml' format is a GENIE XML-based event format1.Eah event is inluded within <ghep> </ghep> tags as in:<ghep np = "{number of partiles; int}"unphysial = "{is it physial?; boolean (T/F)}"></ghep>Both information with event-wide sope suh as:<wght> {event weight; double} </wght><xse_evnt> {event ross setion; double} </xse_evnt><xse_kine> {ross setion for event kinematis; double} </xse_kine><vx> {vertex x in detetor oord system (SI); double} </vx><vy> {vertex y in detetor oord system (SI); double} </vy><vz> {vertex z in detetor oord system (SI); double} </vz><vt> {vertex t (SI); double} </vt>and a full list of the generated partiles is inluded between the <ghep>tags. The information for eah generated partile is expressed as:<p idx = "{partile index in event reord; int}"type = "{partile type; har (F[ake℄/P[artile℄/N[uleus℄)}"><pdg> {pdg ode; int} </pdg><ist> {status ode; int} </ist><mother> <fst> {first mother index; int} </fst><lst> {last mother index; int} </lst></mother><daughter><fst> {first daughter index; int} </fst><lst> {last daughter index; int} </lst></daughter><px> {Px in GeV; double} </px><py> {Py in GeV; double} </py><pz> {Pz in GeV; double} </pz><E> {E in GeV; double} </E><x> {x in fm; double} </x>1In the format desription that follows, the urly braes within tags are to be `viewed' asa single value of the spei�ed type with the spei�ed semantis. For example `{number ofpartiles; int}' is to be thought of as an integer value desribing a number partiles.



CHAPTER 6. ANALYZING GENIE OUTPUTS 69<y> {y in fm; double} </y><z> {z in fm; double} </z><t> {t; always set to 0} </t><ppolar> {polarization, polar angle; in rad} </ppolar><pazmth> {polarization, azimuthal angle; in rad} </pazmth></p>6.6.2.3 The `rootraker' formatsThe `rootraker' format is a standardized bare-ROOT GENIE event tree for-mat evolved from work on integrating the GENIE simulations with the nd280,INGRID and 2km detetor-level simulations. In reent versions of GENIE thatformat was renamed to `t2k_rootraker', with `rootraker' now being a moregeneri, stripped-down (exudes pass-through JPARC �ux info et.) version ofthe T2K variane.The `rootraker' tree branh names, leaf types and a short desription is givenbelow. For the JNUBEAM branhes please onsult the orresponding doumen-tation:
• EvtNum (int): Event number
• EvtFlags (TBits*): [GENIE℄ Event �ags.
• EvtCode (TObjString*): [GENIE℄ A string event ode.
• EvtXSe (double): [GENIE℄ Event ross setion (in 1038cm2).
• EvtDXSe (double): [GENIE℄ Di�erential ross setion for the seletedkinematis in the Kn spae (in 1038cm2/ [Kn]). Typially, Kn is: {Q2}for QEL, {Q2,W} for RES, {x, y} for DIS and COH, {y} for ve− et.
• EvtWght (double): [GENIE℄ Event weight.
• EvtProb (double): [GENIE℄ Event probability (given ross setion, density-weighted path-length, et).
• EvtVtx (double[4℄): [GENIE℄ Event vertex position (x, y, z, t) in thedetetor oordinate system (in SI).
• StdHepN (int): [GENIE℄ Number of entries in the partile array.
• StdHepPdg (int): [GENIE℄ kth partile PDG ode int StdHepPdg[kNPmax℄;
• StdHepStatus (int): [GENIE℄ kth partile status ode int StdHepSta-tus[kNPmax℄;
• StdHepX4 (double [kNPmax℄[4℄): [GENIE℄ kth partile 4-position (x, y,z, t) in the hit nuleus rest frame (in fm)
• StdHepP4 (double [kNPmax℄[4℄): [GENIE℄ kth partile 4-momentum(px, py, pz, E) in the LAB frame (in GeV).
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• StdHepPolz (double [kNPmax℄[3℄): [GENIE℄ kth partile polarizationvetor.
• StdHepFd (int [kNPmax℄): [GENIE℄ kth partile �rst-daughter index.
• StdHepLd (int [kNPmax℄): [GENIE℄ kth partile last-daughter index.
• StdHepFm (int [kNPmax℄): [GENIE℄ kth partile �rst-mother index.
• StdHepLm (int [kNPmax℄): [GENIE℄ kth partile last-mother index.The following branhes exist only in the `t2k_rootraker' variane:
• NuParentPdg (int): [JNUBEAM℄ Parent PDG ode.
• NuParentDeMode (int): [JNUBEAM℄ Parent deay mode.
• NuParentDeP4 (double [4℄): [JNUBEAM℄ Parent 4-momentum at de-ay.
• NuParentDeX4 (double [4℄): [JNUBEAM℄ Parent 4-position at deay.
• NuParentProP4 (double [4℄): [JNUBEAM℄ Parent 4-momentum at pro-dution.
• NuParentProX4 (double [4℄): [JNUBEAM℄ Parent 4-position at pro-dution.
• NuParentProNVtx (int): [JNUBEAM℄ Parent vertex id.
• G2NeutEvtCode (int): orresponding NEUT reation ode for the GE-NIE event.The following branhes exist only in the `numi_rootraker' variane2:
• NumiFluxRun (int): [GNUMI℄ Run number.
• NumiFluxEvtno (int): [GNUMI℄ Event number (proton on target).
• NumiFluxNdxdz (double): [GNUMI℄ Neutrino diretion slope (dx/dz)for a random deay.
• NumiFluxNdydz (double): [GNUMI℄ Neutrino diretion slope (dy/dz)for a random deay.
• NumiFluxNpz (double): [GNUMI℄ Neutrino momentum (GeV/) alongz diretion (beam axis).
• NumiFluxNenergy (double): [GNUMI℄ Neutrino energy (GeV/) for arandom deay.2More details on the GNuMI beam simulation outputs an be found athttp://www.hep.utexas.edu/~zarko/wwwgnumi/v19/
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• NumiFluxNdxdznea (double): [GNUMI℄ Neutrino diretion slope (dx/dz)for a deay fored at enter of near detetor.
• NumiFluxNdydznea (double): [GNUMI℄ Neutrino diretion slope (dy/dz)for a deay fored at enter of near detetor.
• NumiFluxNenergyn (double): [GNUMI℄ Neutrino energy for a deayfored at enter of near detetor.
• NumiFluxNwtnear (double): [GNUMI℄ Neutrino weight for a deayfored at enter of near detetor.
• NumiFluxNdxdzfar (double): [GNUMI℄ Neutrino diretion slope (dx/dz)for a deay fored at enter of far detetor.
• NumiFluxNdydzfar (double): [GNUMI℄ Neutrino diretion slope (dy/dz)for a deay fored at enter of far detetor.
• NumiFluxNenergyf (double): [GNUMI℄ Neutrino energy for a deayfored at enter of far detetor.
• NumiFluxNwtfar (double): [GNUMI℄ Neutrino weight for a deay foredat enter of far detetor.
• NumiFluxNorig (int): [GNUMI℄ Obsolete
• NumiFluxNdeay (int): [GNUMI℄ Deay mode that produed neu-trino3
• NumiFluxNtype (int): [GNUMI℄ Neutrino �avor.
• NumiFluxVx (double): [GNUMI℄ Position of hadron/muon deay, Xoordinate.
• NumiFluxVy (double): [GNUMI℄ Position of hadron/muon deay, Yoordinate.3� 1: K0L -> nue pi- e+� 2: K0L -> nuebar pi+ e-� 3: K0L -> numu pi- mu+� 4: K0L -> numubar pi+ mu-� 5: K+ -> numu mu+� 6: K+ -> nue pi0 e+� 7: K+ -> numu pi0 mu+� 8: K- -> numubar mu-� 9: K- -> nuebar pi0 e-� 10: K- -> numubar pi0 mu-� 11: mu+ -> numubar nue e+� 12: mu- -> numu nuebar e-� 13: pi+ -> numu mu+� 14: pi- -> numubar mu-
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• NumiFluxVz (double): [GNUMI℄ Position of hadron/muon deay, Z o-ordinate.
• NumiFluxPdpx (double): [GNUMI℄ Parent momentum at deay point,X - omponent.
• NumiFluxPdpy (double): [GNUMI℄ Parent momentum at deay point,Y - omponent.
• NumiFluxPdpz (double): [GNUMI℄ Parent momentum at deay point,Z - omponent.
• NumiFluxPpdxdz (double): [GNUMI℄ Parent dx/dz diretion at pro-dution.
• NumiFluxPpdydz (double): [GNUMI℄ Parent dy/dz diretion at pro-dution.
• NumiFluxPppz (double): [GNUMI℄ Parent Z momentum at prodution.
• NumiFluxPpenergy (double): [GNUMI℄ Parent energy at prodution.
• NumiFluxPpmedium (int): [GNUMI℄ Traking medium number whereparent was produed.
• NumiFluxPtype (int): [GNUMI℄ Parent partile ID (PDG)
• NumiFluxPpvx (double): [GNUMI℄ Parent prodution vertex, X oor-dinate (m).
• NumiFluxPpvy (double): [GNUMI℄ Parent prodution vertex, Y oor-dinate (m).
• NumiFluxPpvz (double): [GNUMI℄ Parent prodution vertex, Z oor-dinate (m).
• NumiFluxMuparpx (double): [GNUMI℄ Repeat of information above,but for muon neutrino parents.
• NumiFluxMuparpy (double): [GNUMI℄ -//-.
• NumiFluxMuparpz (double): [GNUMI℄ -//-.
• NumiFluxMupare (double): [GNUMI℄ -//-.
• NumiFluxNem (double): [GNUMI℄ Neutrino energy in COM frame.
• NumiFluxNimpwt (double): [GNUMI℄ Weight of neutrino parent.
• NumiFluxXpoint (double): [GNUMI℄ Unused.
• NumiFluxYpoint (double): [GNUMI℄ Unused.
• NumiFluxZpoint (double): [GNUMI℄ Unused.
• NumiFluxTvx (double): [GNUMI℄ Exit point of parent partile at thetarget, X oordinate.
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• NumiFluxTvy (double): [GNUMI℄ Exit point of parent partile at thetarget, Y oordinate.
• NumiFluxTvz (double): [GNUMI℄ Exit point of parent partile at thetarget, Z oordinate.
• NumiFluxTpx (double): [GNUMI℄ Parent momentum exiting the target,X - omponent.
• NumiFluxTpy (double): [GNUMI℄ Parent momentum exiting the target,Y- omponent.
• NumiFluxTpz (double): [GNUMI℄ Parent momentum exiting the target,Z - omponent.
• NumiFluxTptype (double): [GNUMI℄ Parent partile ID exiting thetarget.
• NumiFluxTgen (double): [GNUMI℄ Parent generation in asade4.
• NumiFluxTgptype (double): [GNUMI℄ Type of partile that reated apartile �ying of the target.
• NumiFluxTgppx (double): [GNUMI℄ Momentum of a partile, that re-ated a partile that �ies o� the target (at the interation point), X -omponent.
• NumiFluxTgppy (double): [GNUMI℄ Momentum of a partile, that re-ated a partile that �ies o� the target (at the interation point), Y -omponent.
• NumiFluxTgppz (double): [GNUMI℄ Momentum of a partile, that re-ated a partile that �ies o� the target (at the interation point), Z -omponent.
• NumiFluxTprivx (double): [GNUMI℄ Primary partile interation ver-tex, X oordinate.
• NumiFluxTprivy (double): [GNUMI℄ Primary partile interation ver-tex, Yoordinate.
• NumiFluxTprivz (double): [GNUMI℄ Primary partile interation ver-tex, Z oordinate.
• NumiFluxBeamx (double): [GNUMI℄ Primary proton origin, X oordi-nate.
• NumiFluxBeamy (double): [GNUMI℄ Primary proton origin, Y oordi-nate.4� 1: Primary proton,� 2: Partiles produed by proton interation,� 3: Partiles produed by interations of the 2's,� ...
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• NumiFluxBeamz (double): [GNUMI℄ Primary proton origin, Z oordi-nate.
• NumiFluxBeampx (double): [GNUMI℄ Primary proton momentum, X- omponent.
• NumiFluxBeampy (double): [GNUMI℄ Primary proton momentum, Y- omponent.
• NumiFluxBeampz (double): [GNUMI℄ Primary proton momentum, Z -omponent.6.6.2.4 The `traker' formatsThe `traker'-type format is a legay event format used by some fortran-basedevent generators (eg. NUANCE) and detetor-level simulations (eg. SuperK'sGeant3-based SKDETSIM). GENIE inludes a number of `traker' format vari-ations:* `t2k_traker':This is traker-type format with all the tweaks required for passing GENIEevents into the Geant3-based SuperK detetor MC. In the `t2k_traker' �les:
• The begging of event �le is marked with a $begin line, while the end ofthe �le is marked by an $end line.
• Eah new event is marked with a $genie line. What follows is a reationode. Sine GENIE doesn't use integer reation odes, it is writting-outthe orresponding NEUT reation ode for the generated GENIE event.This simpli�es omparisons between the GENIE and NEUT samples inSuperK physis analyses.
• The $vertex line is being used to pass the interation vertex position inthe detetor oordinate system in SI units
• The $trak lines are being used to pass minimal information on (some)initial / intermediate state partiles (as expeted by SKDETSIM) and all�nal state partiles to be traked by the detetor simulation. Eah $trakline inludes the partile PDG ode, its energy, its diretion osines and a`status ode' (Not to be onfused with GENIE's status ode. The `traker'�le status ode expeted by SKDETSIM is `-1' for initial state partiles,`0' for stable �nal states and `-2' for intermediate partiles).Some further lari�ations are in order here:
• K0, K̄0 generated by GENIE are onverted to K0

L, K0
S (as expeted bySKDETSIM)

• Sine no mother / daughter assoiations are stored in $trak lines onlyone level of intermediates an exist (the `primary' hadroni system). Anyintermediate partiles orresponding to states evolved from the `primary'hadroni state but before reahing the `�nal state' are negleted.
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• The $trak line ordering is the one expeted by SKDETSIM with all theprimaries, intermediates and �nal states grouped together.The `t2k_traker' format inludes a set of $info lines. They inlude the exatsame information as the one stored `t2k_rootraker' format �les (omplete eventinformation generated by GENIE and JPARC / JNUBEAM �ux pass-throughinformation). This is partially redundant information (some of it was inludedin the minimal $trak lines) that is not intended for pushing partiles throughthe detetor simulation. The $info lines are read-in by SKDETSIM and arepassed-through to the DST stage so that the idential, full MC information isavailable for events simulated on both SuperK and the near detetor omplex(thus enabling global systemati studies).A omplete event in `t2k_traker' format looks-like:$begin$genie {neut_like_event_type}$vertex {vtxx} {vtxy} {vtxz} {vtxt}$trak {pdg ode} {E} {dosx} {dosy} {dosz} {status}$trak {pdg ode} {E} {dosx} {dosy} {dosz} {status}...$trak {pdg ode} {E} {dosx} {dosy} {dosz} {status}$info {event_num} {error_ode} {genie_event_type}$info {event_xse} {event_kinematis_xse} {event_weight} {event_probability}$info {vtxx} {vtxy} {vtxz} {vtxt}$info {npartiles}$info {idx}{pdg}{status}{fd}{ld}{fm}{lm}{px}{py}{pz}{E}{x}{y}{z}{t}{polx}{poly}{polz}$info {idx}{pdg}{status}{fd}{ld}{fm}{lm}{px}{py}{pz}{E}{x}{y}{z}{t}{polx}{poly}{polz}...$info {idx}{pdg}{status}{fd}{ld}{fm}{lm}{px}{py}{pz}{E}{x}{y}{z}{t}{polx}{poly}{polz}$info (jnubeam_parent_pdg) (jnubeam_parent_deay_mode)$info (jnubeam_de_px) (jnubeam_de_py) (jnubeam_de_pz) (jnubeam_de_E)$info (jnubeam_de_x) (jnubeam_de_y) (jnubeam_de_z) (jnubeam_de_t)$info (jnubeam_pro_px) (jnubeam_pro_py) (jnubeam_pro_pz) (jnubeam_pro_E)$info (jnubeam_pro_x) (jnubeam_pro_y) (jnubeam_pro_z) (jnubeam_pro_t)$info (jnubeam_nvtx)$end



CHAPTER 6. ANALYZING GENIE OUTPUTS 766.7 Converting the XML ross setion splines toROOTAs seen before, GENIE's gmkspl utility writes out the omputed ross setionvalues in XML format. While this is partiularly usefull format for moving databetween GENIE appliations / drivers, is not usefull from the perspetive of auser who want to use the ross setion data in di�erent ontextsUsers an use GENIE's gspl2root utility to onvert XML ross setion splinesinto a ROOT formats. The ross setion splines (for all modeled proesses) fora given initial state, an be onverted into ROOT TGraph objets and writtenout in ROOT TDiretories named after the given initial state. Multiple TDi-retories an be saved in a single �le. ROOT TGraph an be used for numerialinterpolation (using `TGraph::Eval(double)') so, essentially, one an write-outall GENIE ross setion `funtions' he needs into a single ROOT �le.This is obviously partiularly usefull for using GENIE ross setion alulationsinto user / analysis ode.In summary, the gspl2root utility syntax is:shell$ gspl2root -f xml_file -p nu -t tgt [-e emax℄ [-o root_file℄ [-w℄where [℄ denotes an optional argument.Details on the gspl2root options an be found below:
• -f Spei�es the input XML ross setion spline �le.
• -p Spei�es the neutrino PDG ode.
• -t Spei�es the target PDG ode (format: 10LZZZAAAI).
• -e Spei�es the maximum energy for the generated graphs.
• -o Spei�es the output ROOT �le name.
• -w Instruts gspl2root to write-out plots in a postsipt �le.The spline data written out have the energy in GeV and the ross setion in

10−38cm2.Example:1. In order to extrat all νµ+n, νµ+p and νµ+O16 ross setion splines fromthe input XML �le `mysplines.xml ', onvert splines into a ROOT formatand save them into a single ROOT �le `xse.root ', type:shell$ gspl2root -f mysplines.xml -p 14 -t 1000000010 -o xse.rootshell$ gspl2root -f mysplines.xml -p 14 -t 1000010010 -o xse.rootshell$ gspl2root -f mysplines.xml -p 14 -t 1000080160 -o xse.rootA large number of graphs (one per simulated proess and appropriate



CHAPTER 6. ANALYZING GENIE OUTPUTS 77totals) will be generated in eah ase. Eah set of plots is saved into itsown ROOT TDiretory named after the spei�ed initial state.The stored graphs an be used for ross setion interpolation. For instane,the `xse.root ' �le generated in this example will ontain a `nu_mu_O16'TDiretory (generated by the last ommand) whih will inlude ross se-tion graphs for all νµ+O16 proesses. To extrat the νµ+O16 DIS CC rosssetion graph for hit u valene quarks in a bound proton and evaluate theross setion at energy E, type:root[0℄ TFile file(�xse.root�,�read�);root[1℄ TDiretory * dir = (TDiretory*) file->Get("nu_mu_O16");root[2℄ TGraph * graph = (TGraph*) dir->Get("dis__p_uval");root[3℄ out < < graph->Eval(E) < < endl;6.8 UnitsGENIE is using the natural system of units (~ = c = 1) so (almost) every-thing is expressed in [GeV ]n. Notable exeptions are the event vertex (in SIunits, in the detetor oordinate system) and partile positions (in fm, in thehit nuleus oordinate system). Additionally, although internally all ross se-tions are expressed in the natural system units, values opied to ertain �les (eg`rootraker'- or `traker'-format �les) are onverted to 1038cm2 (See the orre-sponding doumentation for these �le formats).GENIE provides an easy way for onverting bak and forth between its internal,natural system of units and other units. The onversion fators are inluded in`$GENIE/sr/Conventions/Units.h'.For exampe, in order to onvert a ross setion value returned by `a_funtion()'from the natural system of units to 1038cm2, type:double xse = a_funtion() / (1E-38 * units::m2);
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Chapter 8Event Reweighing8.1 IntrodutionThis hapter desribes strategies for handling neutrino interation unertaintiesin the ontext of a single, self-onsistent physis desription. It is organized asfollows: In Se. 8.2 we desribe the reweighting strategy for handling intranu-lear resattering unertainties. In Se. 8.4 we desribe the strategy for handlingneutrino ross setion unertainties. In Se. 8.5 we present an appliation ofthe reweighting mahinery.The reweighting shemes desribed here are tied to the default physis hoiesmade in GENIE (v2.4.0) and they have been implemented in the GENIE ReWeightpakage. As GENIE evolves, by inluding better-motivated theoretial modelsand integrating new data in its e�etive models1, the reweighting shemes im-plemented in the ReWeight pakage will be transparently updated and thisdoument will be updated aordingly.8.2 Intranulear hadron transport reweighingHadrons produed in the nulear environment may resatter on their way outof the nuleus, and these reinterations signi�antly modify the observable dis-tributions. The e�et of hadroni reiniterations is illustrated in Tab. 8.1 andFig. 8.1. The sensitivity of a partiular experiment to intranulear resatteringdepends strongly on the detetor tehnology, the energy range of the neutrinos,and the physis measurement being made.The GENIE hadron transport simulation strategy has been desribed indetail at a previous hapter. In the following subsetions we disuss an eventreweighting strategy allowing a full systemati study in the ontext of a physisanalysis. The reweighting validation proedure will be disussed and results willbe presented.8.2.1 Reweighting strategyNeutrino generators typially use intranulear asade simulations to handle thepropagation of hadroni multi-partile states. At eah simulation step a large1The GENIE development roadmap is outlined at: http://releases.genie-m.org79
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Final- Primary Hadroni SystemState 0πX 1π0X 1π+X 1π−X 2π0X 2π+X 2π−X π0π+X π0π−X π+π−X

0πX 293446 12710 22033 3038 113 51 5 350 57 193
1π0X 1744 44643 3836 491 1002 25 1 1622 307 59
1π+X 2590 1065 82459 23 14 660 0 1746 5 997
1π−X 298 1127 1 12090 16 0 46 34 318 1001
2π0X 0 0 0 0 2761 2 0 260 40 7
2π+X 57 5 411 0 1 1999 0 136 0 12
2π−X 0 0 0 1 0 0 134 0 31 0
π0π+X 412 869 1128 232 109 106 0 9837 15 183
π0π−X 0 0 1 0 73 0 8 5 1808 154
π+π−X 799 7 10 65 0 0 0 139 20 5643Table 8.1: Oupany of primary and �nal state hadroni systems for interations o� O16 omputed with GENIE v2.4.0. The o�-diagonalelements illustrate and quantify the topology hanging e�et of intranulear resattering.
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Figure 8.1: Kineti energy spetrum of �nal state and primary (before resat-tering) π+ produed in νµFe
56 interations at 1 GeV.number of outomes is aessible with the probabilities of those outomes beingonditional upon the hadron transport history up to that point. The omplexityof intranulear hadron transport makes it di�ult to evaluate the probability fora generated multi-partile �nal state, given a primary hadroni multi-partilesystem, without resorting to a Monte Carlo method. Subsequently, is not possi-ble to evaluate how that probability ought to be modi�ed in response to hangesin the fundamental physis inputs. As a result it is generally not possible tobuild omprehensive reweighing shemes for intranulear hadron-transport sim-ulations.In this regard GENIE's INTRANUKE/hA model is unique by virtue of thesimpliity of the simulation while, at the same time, it exhibiting very reliableaspets by being anhored to key hadron-nuleon and hadron-nuleus data. Itssimpliity allows a rather straightforward probability estimate for the generated�nal state making it amenable to reweighing. A full systemati analysis of themodel is therefore possible making it a unique tool in the analysis of neutrinodata. The event reweighing strategy to be presented here is spei� to GENIE'sINTRANUKE/hA model. The urrent reweighing implementation has beentied to the physis hoies made in the GENIE v2.4.02.Any intranulear hadron-transport reweighing strategy should, by virtueof onstrution, have no e�et on the inlusive leptoni distributions of thereweighted sample, as illustrated in Fig. 8.2. In this paper we will be referringto that probability onservation ondition as the `unitarity onstraint'. We em-2The validity of the urrent reweighing implementation in future versions of GENIE isdependent upon the INTRANUKE/hA hanges that may be installed. The T2KReWeightpakage will always be updated and kept in syn with GENIE. In ase of important updatesa follow-up internal note will be posted.



CHAPTER 8. EVENT REWEIGHING 82phasize the fat that the onstraint needs to hold only for unseleted samples. Itdoes not need to hold for seleted samples, where the normalization is expetedto vary due to the e�et of the ut aeptane.The unitarity onstraint is obviously very di�ult to satisfy by virtue ofonstrution and has had a signi�ant role in determining the reweighing strat-egy. Additionally, the onstraint played an important role in validating thereweighing sheme and in mathing exatly all physis assumptions of the orig-inal simulation. The most profound e�et of weighting artifats is to ause theunitarity onstraint to be violated. We will revisit the issue of the unitarityonstraint in later setions and, partiularly, on the disussion of the reweighingvalidation.
ν

l

N

Figure 8.2: Consider the e�et of modifying the intranulear hadron-transportphysis (a�eting the partiles within the box) from the perspetive of an ob-server who is blind to the hadroni system emerging from the nuleus and mea-sures only the primary lepton. One an easily assert that, from the perspetiveof that observer, the hadron-transport reweighing sheme should have no e�eton the leptoni system harateristis of samples that have not been seletedfor hadroni system harateristis. The event weights must anel eah otherso as the sum of weights is onserved, therefore maintaining the sample nor-malization. We will be referring to that ondition as the `unitarity onstraint'.As we will see in the reweighing validation setion, the sheme disussed in thisnote satis�es the unitarity onstraint, by virtue of onstrution, to better than1 part in 5000.



CHAPTER 8. EVENT REWEIGHING 83In the reweighing strategy developed here we onsider 2 kinds of physisunertainties:
• Unertainties in the total resattering probability for hadrons within thetarget nuleus.
• Unertainties in the relative probability of resattering modes available toeah hadron one it interats.These physis unertainties are onsidered separately for nuleons and pions.The determination of simulation parameters linked with these physis unertain-ties and the presription for alulating event weights to aount for variationsin these parameters is disussed next.8.2.1.1 Reweighting the resattering rateDuring event generation, for eah hadron being propagated within the nulearenvironment its resattering probability, P h

rescat (or, equivalently the survivalprobability, P h
surv) is alulated as

P h
rescat = 1 − P h

surv = 1 −

∫
e−r/λh(~r,h,Eh)dr (8.1)where λh is the mean free path and the integral is evaluated along the hadrontrajetory. The mean free path is a funtion of the hadron type, h, the hadronenergy, Eh, and its position, ~r, within the target nuleus and is omputed as

λh = 1/(ρnucl(r) ∗ σ
hN (Eh)) (8.2)where ρnucl(r) is the nulear density pro�le and σhN (Eh) the orrespondinghadron-nuleon total ross setion.During the reweighing proedure, using the positions and 4-momenta of thesimulated primary hadroni system partiles (that is the hadrons emerging fromthe primary interation vertex before any intranulear resattering ever tookplae) we alulate the exat same hadron survival probabilities as in the originalsimulation. In doing so we math exatly the physis hoies of the hadrontransport simulation ode so as to avoid weighting artifats. More importantly:

• The reweighing ode aesses the same hadron-nuleon ross setion andnulear density pro�le funtions as the simulation ode. The nulear den-sity pro�les for 12C, 16O and 56Fe and the nuleon-nuleon and pion-nuleon ross setions used by INTRANUKE/hA in GENIE v2.4.0 areshown in Figs. 8.3 and 8.4 respetively.
• The hadrons are being transported in steps of 0.05 fm as in the originalsimulation.
• Eah hadron is traed till it reahes a distane of r = N ∗Rnucl = N ∗R0 ∗
A1/3, where R0 = 1.4 fm and N = 3.0. This allows taking into aountthe e�et the nulear density distribution tail has on the hadron survivalprobability. (For example, the nulear radius, Rnucl for C12, O16 and Fe56is 3.20 fm, 3.53 fm and 5.36 fm respetively. The reweighing, as the atualsimulation ode, integrates Eq. 8.1 for distanes up to 9.62 fm, 10.58 fmand 16.07 fm respetively. Compare these values with the nulear densitypro�les shown in Fig. 8.3.)
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• The nulear density distribution through whih the hadron is traked isinreased by n ∗λB, where λB is the de Broglie wave-length of the hadronand n is a tunable parameter (in GENIE v2.4.0, INTRANUKE/hA uses
n = 1 for nuleons and n = 0.5 for pions). As explained earlier, thisempirial approah is an important feature of the INTRANUKE/hA meanfree path tuning, aounting for the e�ets of wave-like proesses to thehadron survival probability whih are typially not well desribed withinthe ontext of an INC model. The reweighing ode mathes that featureso as to emulate the hadron survival probabilities alulated during eventgeneration. The e�et on the nulear density pro�le is shown in Fig. 8.5.The reweighing sheme allows the mean free path, λh, for a hadron type h tobe modi�ed in terms of its orresponding error, δλh:

λh → λh′ = λh(1 + xh
mfp ∗ δλh/λh) (8.3)where λh′ is the modi�ed mean free path and xmfp is a tweaking knob. Then,by re-evaluating the integral in Eq. 8.1, we are able to ompute the hadronsurvival probabilities that the simulation ode would have omputed, had itbeen using the modi�ed mean free path. The nominal, P h

surv, and tweaked,
P h′

surv, survival probabilities an be used to alulate the weight that aountsfor that hange in the hadron mean free path. The hoie of how to weighteah hadron depends ritially on its intranulear transport history. Considerthe ase illustrated in Fig. 8.6 where a neutrino event has 2 primary hadrons,
h1 and h2, one of whih (h1) re-interats while the other (h2) esapes. Had themean free path been larger than the one used in the simulation (and therefore,had the the interation probability been lower) then h1's history would havebeen more unlikely while, on the other hand, h2's history would have been morelikely. Therefore, in order to aount for an inrease in mean free path, h1 hasto be weighted down while h2 has to be weighted up (and vie versa for a meanfree path derease). The desired qualitative behavior of single-hadron weightsin response to mean free path hanges is summarized in Tab. 8.2. The followingweighting funtion exhibits the desired qualitative harateristis:

wh
mfp =





1−P h′

surv

1−P h
surv

if h re-interats
P h′

surv

P h
surv

if h espapes (8.4)where P h
surv is the hadron survival probability orresponding to mean free path

λh and P h′
surv is the hadron survival probability orresponding to the tweakedmean free path λh′.
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Figure 8.3: Nulear density pro�les for C12, O16 and Fe56.
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Figure 8.4: The nuleon-nuleon (dashed line) and pion-nuleon (solid line) rosssetions used in INTRANUKE/hA (GENIE v2.4.0) for determining the hadronmean free path.
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Figure 8.6: An example event with two primary hadrons, h1 and h2, one ofwhih (h1) re-interats within the target nuleus while the other esapes (h2).See text for a desription of the weights to be assigned to eah hadron if themean free path has been tweaked.
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λh hange P h

rescathange Weight Weight(hadrons interating) (hadrons esaping)
⇑ ⇓ ⇓ ⇑

⇓ ⇑ ⇑ ⇓Table 8.2: The intended qualitative behavior of hadron weights in response tomean free path, λh, hanges depending on whether the simulated hadron hadbeen resattered or esaped. Had the mean free path been larger in reality thanthe one used in the simulation (and therefore, had the the interation probability,
P h

rescat, been lower) then resattered hadrons would have been over-representedin the generated sample and they would need to be weighted-down to mathreality, while esaping hadrons would have been under-represented and theywould need to be weighted-up. Vie versa for a mean free path derease. Seetext for desription of the hadron weighting funtions.8.2.1.2 Reweighting the resattering fatesOne INTRANUKE/hA determines that a partiular hadron is to be resat-tered, then a host of sattering modes are available to it. We will be referringto these sattering modes as the hadron fates. Many fates are onsidered forboth pions and nuleons. The fates onsidered here are: elasti, inelasti, hargeexhange3, absorption4, and pion prodution. Eah suh fate may inlude manyatual resattering hannels 5.In order to alulate the probability of eah fate INTRANUKE/hA, beingan e�etive data-driven hadron transport MC, swithes to a more marosopidesription of hadron resattering: Rather than building everything up fromhadron-nuleon ross setions, at this point in event simulation, INTRANUKE/hAdetermines the probability for eah fate using built-in hadron-nuleus ross se-tions oming primarily from data. The probability for a hadron fate f is
P h

f = σhA
f /σhA

total (8.5)where σhA
f is the hadron-nuleus ross setion for that partiular fate and σhA

totalis the total hadron-nuleus ross setion. The alulated probabilities are ondi-tional upon a hadron being resattered and the sum of these probabilities overall possible fates should always add up to 1. The default probability frationsfor pions and nuleons in INTRANUKE/hA (GENIE v2.4.0) are shown in Fig.8.7 and 8.8.The generation strategy leads to a oneptually simple and tehnially straight-forward fate reweighing strategy: The hadron-nuleus ross setion for a parti-3Only single harge exhange is onsidered4Followed by emission of 2 or more nuleons with no pions in the �nal state. The term`absorption' is usually used for pions while the term `multi-nuleon knok-out' is used fornuleons. Here, for simpliity and in the interest of having ommon fate names for both pionsand nuleons we will be using the term `absorption' for both.5For example, the `pion absorption' fate inludes resattering modes with any of the np,pp, npp, nnp, nnpp �nal states
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f as in:

σhA
f → σ′hA

f = σhA
f (1 + xh

f ∗ δσhA
f /σhA

f ) (8.6)where xf is a fate tweaking knob.It follows that the single-hadron fate weight is
wh

fate =
∑

f

δf ;f ′ ∗ xh
f ∗ δσhA

f /σhA
f (8.7)where f runs over all possible fates {elasti, inelasti, harge exhange, absorp-tion, pion prodution}, f ′ is the atual fate for that hadron as it was determinedduring the simulation and δf ;f ′ is a fator whih is 1 if f = f ′ and 0 otherwise.Not all 5 hadron fates may be tweaked simultaneously. Sine the sum of allfrations should add up to 1 then, at most, only 4 out of 5 fates may be tweakeddiretly. The 5th fate (ushion term) is adjusted automatially to onserve thesum. The hoie of whih fate to at as a ushion term is on�gurable. Thedefault behavior is to have the elasti term ating as a ushion sine it is largeenough, over the entire range of hadron energies relevant to T2K, so as to absorbhanges indued to other omponents. It is also the least interesting omponentin terms of its e�et on the outgoing hadron and, therefore, ideal to at as aushion term whose e�et is not diretly ontrolled.In Fig. 8.9 we show the tweaked pion fate fration (dashed lines) obtainedby simultaneously inreasing the pion prodution, absorption, harge exhangeand inelasti ross setions by 10%. In this example the elasti omponent isbeing used as a ushion term absorbing the hanges in all other terms so as tomaintain the total probability. The default pion fate frations (solid lines) aresuperimposed for referene.8.2.1.3 Computing event weightsThe sheme outlined above, provides a detailed presription for alulatingsingle-hadron weights so as to take into aount the e�et that modi�ed hadron-nuleon and hadron-nuleus ross setions would have had on that hadron (wh

mfpand wh
fate respetively). The total single-hadron weight is

wh = wh
mfp ∗ wh

fate (8.8)The orresponding hadron transport (HT) related weight for a neutrino in-teration event, wevt
HT , is, obviously, the produt of single-hadron weights

wevt
HT =

∏

j

wh
j (8.9)where the index j runs over all the primary hadroni system partiles in theevent.8.2.1.4 Computing penalty termsA penalty term an easily be alulated from the physis tweaking knobs whihan be inluded as nuisane parameters in physis �ts. The penalty has om-ponents, penalizing deviations from the default total resattering rate and fromthe default frations of resattering modes. It an be written as
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Figure 8.7: The default fate frations for resattered pions in INTRANUKE/hA(GENIE v2.4.0). The area that orresponds to eah pion fate represents theprobability for that fate as a funtion of the pion kineti energy. The probabili-ties shown here onditional upon the pion interating so they always add up to1.
χ2

penalty =
∑

h=π,N

{(xh
mfp)

2 +
∑

f 6=fc

(xh
f )2 + (x̂h

fc)
2} (8.10)where the x′s orrespond to mean free path and fate tweaking knobs for pi-ons and nuleons The sum over fates, f , exludes the ushion term, fc, whihis added separately. The reason is tehnial: All diretly tweaked hadron-nuleus ross setions are tweaked in units of their own (typially hadron energy-dependent) unertainty, therefore having a orresponding ontribution to penaltyterm whih is energy independent. The hange in the ushion term, being foredto absorb the other hanges, is not well de�ned in terms of its own unertainty.Therefore, its ontribution in the penalty term, x̂h

fc

2, is averaged over the hadronenergy range.8.2.1.5 Unitarity expetationsThis setion demonstrates why both the intranulear reweighting shemes pre-sented earlier are expeted to maintain unitarity.In general when reweighting an event we multiply by a weight w where,
w =

P ′

P
. (8.11)
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Figure 8.8: The default fate frations for resattered nuleons in IN-TRANUKE/hA (GENIE v2.4.0). The area that orresponds to eah nuleonfate represents the probability for that fate as a funtion of the nuleon kinetienergy. The probabilities shown here onditional upon the nuleon interatingso they always add up to 1.
P and P ′ are the probabilities for getting that event6, for the nominaland tweaked ases respetively, and they depend on the partiular event be-ing reweighted.When desribing proesses where multiple disrete outomes are possiblethen the analytial form of the above probabilities will hange depending onthe outome. An example of this is the ase of mean free path (resatteringrate) reweighting where the fate of an event an be divided into two ategories:Those that resattered and those that esaped the nuleus. The two forms of Pin this ase are,

Prescat = 1 − e
−x
λ (8.12)and

Psurv = e
−x
λ . (8.13)Thus a hadron that resattered will reeive a weight, re�eting a hange inmean free path of λ→ λ′, of

wrescat =
1 − e

−x

λ′

1 − e
−x
λ

(8.14)6In this setion an event is de�ned as the transport of a single hadron.
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Figure 8.9: The default (solid lines) and tweaked (dashed lines) pion fate fra-tions. The tweaked pion fate frations are shown for a ase where the pionprodution, absorption, harge exhange and inelasti ross setions have beeninreased by 10%. Here it is the elasti ross setion term that is being used asthe ushion term. See text for details.whereas one that esaped the nuleus will get a weight
wsurv =

e
−x

λ′

e
−x
λ

(8.15)Take the general ase where there are n possible outomes and where the
i'th outome ours with a probability Pi. For a set of Ntot events one expets

Ni = Ntot ×
Pi∑n

j=1 Pj
(8.16)events orresponding to the i'th outome.Now onsider reweighting all Ntot events. Events orresponding to the i'thoutome get weighted by wi so that the after reweighting the number of eventsfor the i'th outome is given by

N ′
i = wi ×Ni. (8.17)Note that Eq. 8.17 holds only if we onsider just the funtional dependane ofthe weights on the weighting parameters7. The number of events in the new7We neglet any funtional dependane on kinematial quantities. This is a valid assump-
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N ′

tot =

Ntot∑

j=1

wevt
j

=

n∑

i=1

woutcome
i ×Ni

=

n∑

i=1

P ′
i

Pi
×Ni.Substituting Eq. 8.16 we get,

N ′
tot = Ntot ×

∑n
i=1 P

′
i∑n

j=1 Pj
.So if

n∑

i=1

Pi =

n∑

i=1

P ′
i (8.18)then N ′

tot = Ntot and unitarity is onserved.In the ase of resattering,
n∑

i=1

Pi = Prescat + Psurv

= 1 − e
−x
λ + e

−x
λ

= 1 − e
−x

λ′ + e
−x

λ′

= P ′
rescat + P ′

surv

=

n∑

i=1

P ′
iSo for the resattering sheme we expet unitarity to be a built in feature.This is also true for the fate reweighting where the ushion term ensures Eq.8.18 is satis�ed.It is worth highlighting that when reweighting a set of generated eventsthe Pi in Eq. 8.16 will only anel with those in Eq. ?? if the reweightingsheme produes the same probabilities as the generator used for the originalsample. This is why the unitarity onstraint is sensitive to any di�erenesbetween the generator and the reweighting sheme. This is also why a partiularimplementation of a reweighting sheme is not generator agnosti.8.2.2 Summary of reweighting knobsThe intranulear hadron-transport reweighing knobs are summarized in Tab.8.3. As disussed already, there are two similar sets of parameters: one for nu-leons and one for pions. The resulting parameter proliferation is well justi�edtion if the density of events, de�ned as the number in a given volume of kinematial phasespae, is high enough suh that a statistially signi�ant number of neighboring events overa small enough volume in the kinematial phase spae over whih the e�et of the variationin kinematial quantities is negligible.



CHAPTER 8. EVENT REWEIGHING 93as there may be di�erent onsiderations regarding the evaluation of the uner-tainty of these parameters. Additionally, systematis onerning re-interationsof nuleons and pions will have di�erent e�ets on the analysis of neutrino data.Within eah set
• The xmfp parameter tweaks the orresponding mean free path whih on-trols the total resattering probability.
• The xcex, xel, xinel, xabs and xπ parameters tweak, respetively, the hargeexhange, elasti, inelasti, absorption and pion prodution ross setionsa�eting the hadron fate frations. Out of the 5 parameters only 4 anbe set expliitly as the 5th ats as a ushion term maintaining the totalhadron-nuleus interation probability (see disussion earlier). The defaultushion term is the elasti term but the hoie is adjustable.All systemati parameters are tweaked in units of their orresponding error 8.8.2.3 Reweighting validationThe basi reweighting sheme validation proedure is outlined below. In the�rst part we verify that the alulated event weights behave as expeted andsatisfy the unitarity onstraints. In the seond part the power and validityof the reweighting sheme is heked expliitly by asking a simple question:Is reweighting a nominal sample using a new set of physis parameters reallyequivalent to a new sample generated using that same set of new parameters?8.2.3.1 Event weight heksAs shown in the previous setion both reweighting shemes are expeted to main-tain unitarity. Beause this onstraint is sensitive to any di�erenes betweenthe way that INTRANUKE and the ReWeight pakage model the transport ofhadrons it was used extensively as a debugging tool during development.Eq. 8.11 shows that the unitarity onstraint is equivalent to requiring thatthe sum of all the weights be equal to the total number of events for a givensample. So unitarity requires that the mean of the weights is equal to 1.When looking a distributions of weights it is useful to have an idea of thenumber of hadrons that are likely to esape the nuleus. Fig. 8.10 shows thedistribution of distanes, in mean free paths, that a hadron produed withinthe nuleus will have to have travelled before it has exited the nuleus. Thesedistanes are for events on 12C, an intermediate size nuleus.Fig. 8.10 shows that less than 1

3 of hadrons esape the nuleus withoutresattering. We expet asymmetrial weight distributions beause, as is shownin Tab. 8.2, an event that resatters will be weighted in an opposite sense toone that esapes. Thus to maintain a mean of 1 the smaller number of eventsthat esape will have more extreme weight values to ounterat the abundaneof events that resatter. Note that this is ompliated by the fat that therean be multiple hadrons being transported per event with the possibility ofompeting e�ets.8The evaluation of that error is an expert hoie built-into the reweighing pakage (althougheasily reon�gurable).



CHAPTER 8. EVENT REWEIGHING 94Tweaking Desription ReWeight pakagedial dial ID
xN

mfp Tweaks the nuleon mean free path kSystINuke_MFPTwk_N
xN

cex Tweaks the nuleon harge exhange prob. kSystINuke_CExTwk_N
xN

el Tweaks the nuleon elasti reation prob. kSystINuke_ElTwk_N
xN

inel Tweaks the nuleon inelasti reation prob. kSystINuke_InelTwk_N
xN

abs Tweaks the nuleon absorption prob. kSystINuke_AbsTwk_N
xN

π Tweaks the nuleon π-prodution prob. kSystINuke_PiProdTwk_N
xπ

mfp Tweaks the π mean free path kSystINuke_MFPTwk_pi
xπ

cex Tweaks the π harge exhange prob. kSystINuke_CExTwk_pi
xπ

el Tweaks the π elasti reation prob. kSystINuke_ElTwk_pi
xπ

inel Tweaks the π inelasti reation prob. kSystINuke_InelTwk_pi
xπ

abs Tweaks the π absorption prob. kSystINuke_AbsTwk_pi
xπ

π Tweaks the π π-prodution prob. kSystINuke_PiProdTwk_piTable 8.3: Intranulear hadron transport reweighing knobs in the ReWeightpakage. Tweaking a knob, x, modi�es the orresponding physis parameter,
A, as A → A′ = A(1 + x ∗ δA

A ). Setting a knob to zero orresponds to usingthe nominal physis parameter. Setting the knob to +/- 1.0 orresponds tomodifying the physis parameter from its nominal value by +/-1σ. In prinipleall 1σ errors are funtions of the hadron energy. For the time being they areall set to 10% and we are working on putting in energy dependent errors, takendiretly from hadron reation data, in a near future revision.For validation a nominal sample of 500k events of muon neutrinos at 1GeV on C12 was reweighted independently for both resattering rate and fatereweighting shemes. Tweaking dials of ±1 orresponding to ±10% hange ofthe orresponding physis parameter were used.Figs. 8.11 and 8.12 show the weight distributions for tweaking the meanfree path parameter by +10% and −10% respetively. Both distributions havea mean lose to 1 to within ∼1/1000 whih is signi�antly less than the RMSof weights. This is a strong indiator that the shemes are working as intended.Fig. 8.11 shows the expeted asymmetry. In this ase hadrons that resat-tered have weights less than 1 as they have been made less likely due to aninrease in the mean free path. Those that esaped the nuleus have weightsgreater than 1 re�eting the fat that they are now more likely. So we see a dis-tribution with fewer events with a long tail for values above 1 and more eventswhih are less spread out below 1. There is also a peak at 1 whih is due to
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νµ+12C events at 1 GeV.Fig. 8.12 shows similar features but re�eted about the origin. This isbeause in this ase the mean free path is being dereased so that the previouse�ets are reversed (See Tab. 8.2).Similar distributions but for the fates reweighting sheme are shown in Figs.8.13 and 8.14. For these the xN
abs and xπ

abs parameters were tweaked. Forsimpliity the ushion terms were hosen to be the elasti resattering hannels.The features in Fig. 8.13 are less obvious than those for resattering reweight-ing. There is a similar peak at 1 due to hadrons that esaped getting a weightof 1 alongside those events for whih there were no hadrons to be transported.There are distint peaks at 1.1, 1.21 and a third smaller one at 1.33. Theseare sharp peaks beause they orrespond to events with absorbed hadrons. FromEq. 8.11 the weights for these ases are just the ratios of new to old ross setionswhih are �xed at 1.1 due to the seleted value of the tweaking parameter. The1.21 (1.33) peak orresponds to events with two (three) absorbed hadrons.There are a series of disrete distributions mainly for values less than 1.These orrespond to events that ontain hadrons whih interated via elastisattering, the ushion term in this ase. The distribution of weights ome fromthe fat that the ushion term is not �xed but instead has to vary to aom-modate a �xed hange in tweaking parameter alongside an energy dependenttotal. There are also higher order e�ets due to events that ontain a numberof hadrons with a mixture of the above two ases.Fig. 8.14 is for the ase where xN
abs and xπ

abs were set to −1.0. As withthe resattering sheme the distribution is re�eted about 1 by reversing thetweaking diretion.The weights distributions show that for both shemes the unitarity onstraintrespeted. This is a strong indiator that the shemes are working properly. Theplot in Fig. 8.15 shows the onvergene on unitarity after a few thousand events.
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Figure 8.13: Weights distribution for the x
N
abs and x

π
abs tweaking dials set at +1.0.The mean weight is lose to 1 despite the asymmetrial distribution. Sample: 500k

νµ+12C events at 1 GeV.
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Figure 8.14: Weights distribution for x
N
abs and x

π
abs tweaking dials set at −1.0. Similardistribution as the +1.0 ase but reversed. Sample: 500k νµ+12C events at 1 GeV.
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Figure 8.15: The mean weight as a funtion of event number showing onvergeneon 1 within a few thousand events. This is for a mean free path parameter tweakingknob set to +1.0. Only �rst 2500 events are shown.8.2.3.2 Reweighted distribution heksThe previous setion provides a strong indiation that both shemes have beenimplemented properly. Ultimately validation omes by verifying that the reweight-ing sheme perfoms preditably! This is aomplished by heking whether anominal sample reweighted using a new set of physis parameters is atuallyequivalent to a sample generated using the new set of parameters.To test the overall rate reweighting two samples of 500k events of muonneutrinos on 12C were generated. The �rst for nominal parameters used withinGENIE and the seond with a mean free path tweaking knob set to +1.0 (equiv-alent to +10% hange in the mean free path). A third sample was then reatedfrom the nominal sample by reweighting with the same tweaking parameter.Fig. 8.16 shows the outgoing �nal state nuleon momentum distribution. Itshows good agreement between the tweaked and regenerated ases. Beause ofthe large sample size the statistial errors are small and of the same sale as themarkers.The distribution in Fig. 8.16 has the expeted behavior for an inrease inthe mean free path as this means that hadrons are less likely to resatter. Thisis the main soure of �nal state nuleons and so we expet a de�it of �nal statenuleons when ompared to the nominal ase.The outgoing lepton energy distribution in Fig. 8.17 shows there is no e�eton the underlying leptoni distributions.The proedure outlined above is also used to test and validate the fatereweighting sheme. In this ase the tweaking parameters were xN
abs and xπ

abs at
+1.0 with the elasti omponent ating as the ushion term.The distributions shown in Figs. 8.18 to 8.19 show good agreement betweenthe reweighted and regenerated ases. They exhibit the expeted behavior foran inrease in the abs fate parameter. By inreasing the hane of hadronsresattering via the absorption hannel the number of �nal state nuleons is
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Figure 8.16: Momentum of �nal state nuleons for nominal (blak line), regenerated(blak triangle) and reweighted (red irle) samples of νµ+12C events at 1 GeV. Forregenarated and reweighted with x
N
mfp and x

π
mfp at +1.0.
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Figure 8.17: Outgoing lepton energy for nominal (blak line), regenerated (blak tri-angle) and reweighted (red irle) samples of νµ+12C events at 1 GeV. For regenaratedand reweighted with x
N
mfp and x

π
mfp at +1.0.
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Figure 8.18: Momentum of �nal state nuleons for nominal (blak line), regenerated(blak triangle) and reweighted (red irle) samples samples of νµ+12C events at 1GeV. For regenerated and reweighted with x
N
abs and x

π
abs at +1.0.
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Figure 8.19: Momentum of �nal state π's for nominal (blak line), regenerated (blaktriangle) and reweighted (red irle) samples of νµ+12C events at 1 GeV. For regener-ated and reweighted with x
N
abs and x

π
abs at +1.0.



CHAPTER 8. EVENT REWEIGHING 101inreased whereas the number of �nal state pions is dereased due to the fatthat only nuleons are produed via the absorbtion hannel.As with the resattering sheme there is no e�et on the underlying leptonidistributions. See Fig. 8.20.
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Figure 8.20: Outgoing lepton energy for nominal (blak line), regenerated (blak tri-angle) and reweighted (red irle) samples of νµ+12C events at 1 GeV. For regeneratedand reweighted with x
N
abs and x

π
abs at +1.0.These are initial validation plots and are not meant to be a physis studyinto the e�et of intranulear unertainties. As an be seen these have been forfairly simple tweaking ases and are only looking at inlusive e�ets summedover all outgoing �nal state partiles.8.3 Hadronization reweighingNo hadronization reweighting is inluded in the urrent version of GENIE.8.4 Neutrino ross setion reweighingUnlike propagating hadroni simulation unertainties, whih is hallenging asthe probability for a generated multi-partile on�guration is di�ult to al-ulate analytially, propagating ross setion modelling unertainties is muhsimpler (sine a ross setion is trivially related to the event probability). How-ever, ross setion reweighting too, is not always handled orretly. One shouldkeep in mind is that most physis unertainties `operate' at the form fator orstruture funtion level whih are energy independent but an be quite steepfuntions of the event kinematis. Therefore, the only orret way of quantify-ing unertainties is to `reover' the `o�-shell' kinematis and alulate weightsby evaluating ratios of di�erential ross setions (See Fig. 8.21).In the following subsetions we outline the ross setion model in GE-NIE v2.4.0 and disuss the neutrino ross setion reweighting strategy in the



CHAPTER 8. EVENT REWEIGHING 102ReWeight pakage. The reweighting validation proedure and results are alsopresented.8.4.1 Reweighing strategyUnlike intranulear hadron transport systematis, neutrino ross setion sys-tematis is straightforward to quantify using a generi reweighing sheme lessstrongly tied to the details of the physis modeling. Cross setion reweighing ismodifying the neutrino interation probability diretly and, therefore the onsid-erations on unitarity onservation developed in the hadron transport reweighingsetion are not relevant here.The neutrino event weight, wevt
σ , to aount for hanges in physis parame-ters ontrolling neutrino ross setions is alulated as

wevt
σ = (dnσ′

ν/dK
n)/(dnσν/dK

n) (8.19)where dnσ/dKn is the nominal di�erential ross setion for the proess at hand,
dnσ′/dKn is the di�erential ross setion omputed using the modi�ed inputphysis parameters. The di�erential ross setion is evaluated at the kinemat-ial phase spae {Kn}9. A ritial point in implementing the ross setionreweighing sheme for sattering o� nulear targets is that the orret o�-shellkinematis, as used in the original simulation, must be rereated before evaluat-ing the di�erential ross setions. This is trivial as long as detailed informationfor the bound nuleon target has been maintained by the simulation.The neutrino ross setion reweighing strategy is foused on the few-GeVenergy range. Amongst the numerous GENIE ross setion model parameterswe are onsidering hanges to parameters ontrolling the rate of QEL and RESinterations and of the 1π and 2π non-resonane bakground in the resonaneregion. Unertainties in deep inelasti sattering and more rare proesses arenegleted for the time-being.8.4.2 Summary of reweighing knobsThe neutrino ross setion reweighing knobs are summarized in Tab. 8.4. Atthis �rst iteration we only inluded the most important parameters for thedominant proesses in the few-GeV energy range. There is a singe parametera�eting the quasi-elasti ross setion (the QEL axial mass, MQEL

A ) a singleparameter a�eting the resonane neutrino-prodution ross setion (the RESaxial mass, MRES
A ). and 16 parameters, R, ontrolling the 1π and 2π non-resonane bakground in the resonane region for various interation modes({ν, ν̄} × {n, p} × {CC,NC}). It should be emphasized here that the apparentproliferation of tweaking parameters is brought about by the number of possibleinitial state, �nal state and weak urrent ombinations. However, spei� anal-yses may only onsider small subsets of the R parameters. A CC1π+ analysus,9In GENIE, typially, the Kn kinematial phase spae is {Q2} for CC quasi-elasti andNC elasti, {Q2, W} for resonane neutrino prodution, {x, y} for deep inelasti satteringand oherent or di�rative meson prodution, {y} for νe− elasti sattering or inverse muondeay where Q2 is the momentum transfer, W the hadroni invariant mass, x is Bjorkensaling variable and y the inelastiity. The hoie is not signi�ant. The di�erential rosssetion alulation an be mapped from the Kn to the Kn′ kinemati phase spae throughthe Jaobian for the Kn → Kn′ transformation.
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Figure 8.21: JPARC neutrino beam kinemati overage at the nd280. Crosssetion unertainties of di�erent magnitude are appropriate for di�erent partsof the kinemati phase spae.for example, may only onsider unertainties in the Rbkg
νp;CC1π and Rbkg

νn;CC1πparameters. Additionally, many of these parameters an, in fat, be orrelatedusing isospin arguments.8.4.3 Reweighting validationThe ross setion reweighing validation proedure is the same one used for theintranulear hadron transport reweighing: A sample is being generated with thenominal set of physis parameters (`nominal' sample) and is being reweighed toa tweaked set of physis parameters (`tweak_reweighted' sample). Then GENIEitself was reon�gured and an idential sample was generated using the tweakedset of physis parameters (`tweak_generated' sample). One more we emphasizethe fat that the goal of event reweighing is to emulate, approximately, whatthe physis simulation would have produed had the physis assumptions beensomewhat di�erent10. Based on the above premise, the validity of the eventreweighing sheme is determined entirely on the basis of the agreement be-tween `tweak_reweighted' and `tweak_generated' samples. As the two samplesare statistially independent, large statistis have been generated to minimizestatistial �utuations.In Fig. 8.23 we show the result of omparing the �nal state momentum10The obvious bene�t being the omputational e�ieny in emulating the generator predi-tions without rerunning the full simulation whih makes event reweighing an invaluable toolfor quantifying analysis systematis.
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Figure 8.22: True hadroni invariant mass, W, distribution for inelasti eventsin nd280 (shown with the blak solid line). The red hathed area shows the res-onane ontributions while the blue hathed area shows the ontributions fromthe type of inelasti events dubbed in GENIE as `transition-DIS'. The remain-ing ontributions are oming from the `safe-DIS' and `low Q2 DIS' omponents.Di�erent unertainties are assoiated with eah omponent: The resonane un-ertainty is of the order of 20%, while the `transition-DIS' unertainty is of theorder of 50%. The unertainty assoiated with the remaining DIS omponentat higher invariant masses is signi�antly lower (of the order of 5% at an energyof 5 GeV and lower at higher energies) and have not been inluded at this �rstiteration of deploying the reweighing tools.distribution of 3 νµ QELCC samples a) a `nominal' sample (blak line) gen-erated with MQEL
A = 0.99 GeV, b) a `tweak_reweighted' sample (red irles)reweighed (from the nominal sample) to MQEL

A = 1.1385 GeV (+15%) ) a`tweak_generated' sample (blak triangles) generated withMQEL
A = 1.1385 GeV(+15% inrease). The errors shown are statistial.8.5 Example reweigting appliationsThe event reweighing shemes disussed in this note an be trivially integratedwith neutrino-osillation �tters with the neutrino interation physis tweakingknobs playing the role of nuisane parameters. Another possible appliation isin �tting near detetor distributions in order to obtain improved desriptionsof the data. Correlations between the numerous parameters are automatiallytaken are of by virtue of the event reweighing tehnique.
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Figure 8.23: Energy of outgoing lepton for nominal (blak line), regenerated(blak triangle) and reweighted (red irle) samples. The reweighted and regen-erated samples were suh that MQEL
A = 1.1385 GeV (+15% inrease).8.5.1 NC1π0: Intranulear resattering e�etsAn example appliation of the reweighting sheme is shown in Fig. 8.24. Herethe reweighting tool has been used to generate an error envelope, due to in-tranulear resattering e�ets, for NC1π011 in the �nal state hadroni system)in nd280. This is an important physis unertainty whih is goingto feed intothe systemati error of νe appearane measurements. To alulate the error en-velope, a default event sample of 200k events was used. Of these only 12,538 hadthe required topology. To generate the error envelope the INTRANUKE/hA pa-rameter spae was sanned using the reweighting sheme. In this example thepion and nuleon INTRANUKE parameters were treated separately 12 and theunertainties from eah were ombined in quadrature. In total 170 parameteron�gurations were sanned whih without the reweighting tool would be equiv-alent to generating a total event sample of 34 × 106. This highlights the powerof an e�etive reweighting sheme that allows one to reweight a smaller set ofinteresting events without regenerating a muh larger original event sample 13.8.6 Using the event reweighting tool[to be written℄11Here the 1π0 topology refers to the observed �nal state, so ontributions from manyprimary soures, with either lower or higher pion multipliities, are to be expeted (suh as,for example, π0π+ primary states with an absorbed π+ or NC elasti events where the hitnuleon re-interats to produe a π0)12To simplify this example the mean free path parameter was assumed to be the same forboth pions and nuleons and was treated as a separate systemati and added in quadratureas well.13This will be partiularly useful when applied to events whih have been generated in arealisti detetor geometry for whih a user may only be interested a small subset of the total,suh as a �duial volume seletion.



CHAPTER 8. EVENT REWEIGHING 106

Entries  40
Mean   0.2449
RMS    0.1942

 Kinetic energy [GeV]0π
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

E
nt

rie
s 

/ 2
5 

M
eV

 b
in

0.0

0.2

0.4

0.6

0.8

1.0

310×

Entries  40
Mean   0.2449
RMS    0.1942

Entries  12538
Mean   0.2443
RMS    0.1937

Entries  12538
Mean   0.2443
RMS    0.1937

h1

Figure 8.24: Error envelope for outgoing kineti energy of single π0's due tointranulear parameter unertainties. Original event sample of 200k events ofwhih 12538 have a single pion topology. Dashed blak line shows pion spetrumbefore resattering, blak ross are pion spetra after intranulear resatteringe�ets and red envelope is the systemati unertainty from intranulear resat-tering.
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Physis Desription Default Error ReWeight pakageparameter value (1 σ) dial ID
MQEL

A QEL axial mass 0.990 GeV ∼ 15% kSystNuXSe_MaQEL
MRES

A RES axial mass 1.120 GeV ∼ 20% kSystNuXSe_MaRES
Rbkg

νp;CC1π Controls the non-RES bkg for νp CC1π 0.1 ∼ 50% kSystNuXSe_RvpCC1pi
Rbkg

νp;CC2π Controls the non-RES bkg for νp CC2π 1.0 ∼ 50% kSystNuXSe_RvpCC2pi
Rbkg

νp;NC1π Controls the non-RES bkg for νp NC1π 0.1 ∼ 50% kSystNuXSe_RvpNC1pi
Rbkg

νp;NC2π Controls the non-RES bkg for νp NC2π 1.0 ∼ 50% kSystNuXSe_RvpNC2pi
Rbkg

νn;CC1π Controls the non-RES bkg for νn CC1π 0.3 ∼ 50% kSystNuXSe_RvnCC1pi
Rbkg

νn;CC2π Controls the non-RES bkg for νn CC2π 1.0 ∼ 50% kSystNuXSe_RvnCC2pi
Rbkg

νn;NC1π Controls the non-RES bkg for νn NC1π 0.3 ∼ 50% kSystNuXSe_RvnNC1pi
Rbkg

νn;NC2π Controls the non-RES bkg for νn NC2π 1.0 ∼ 50% kSystNuXSe_RvnNC2pi
Rbkg

ν̄p;CC1π Controls the non-RES bkg for ν̄p CC1π 0.3 ∼ 50% kSystNuXSe_RvbarpCC1pi
Rbkg

ν̄p;CC2π Controls the non-RES bkg for ν̄p CC2π 1.0 ∼ 50% kSystNuXSe_RvbarpCC2pi
Rbkg

ν̄p;NC1π Controls the non-RES bkg for ν̄p NC1π 0.3 ∼ 50% kSystNuXSe_RvbarpNC1pi
Rbkg

ν̄p;NC2π Controls the non-RES bkg for ν̄p NC2π 1.0 ∼ 50% kSystNuXSe_RvbarpNC2pi
Rbkg

ν̄n;CC1π Controls the non-RES bkg for ν̄n CC1π 0.1 ∼ 50% kSystNuXSe_RvbarnCC1pi
Rbkg

ν̄n;CC2π Controls the non-RES bkg for ν̄n CC2π 1.0 ∼ 50% kSystNuXSe_RvbarnCC2pi
Rbkg

ν̄n;NC1π Controls the non-RES bkg for ν̄n NC1π 0.1 ∼ 50% kSystNuXSe_RvbarnNC1pi
Rbkg

ν̄n;NC2π Controls the non-RES bkg for ν̄n NC2π 1.0 ∼ 50% kSystNuXSe_RvbarnNC2piTable 8.4: Neutrino ross setion reweighing knobs in ReWeight pakage.Tweaking a knob, x, modi�es the orresponding physis parameter, A, as
A → A′ = A(1 + x ∗ δA

A ). Setting a knob to zero orresponds to using thenominal physis parameter. Setting the knob to +/- 1.0 orresponds to modi-fying the physis parameter from its nominal value by +/-1σ.



Chapter 9Validation tools9.1 Introdution[to be written℄9.2 Comparisons with the world neutrino rosssetion data[to be written℄9.3 Comparisons with F2 and xF3 world data[to be written℄9.4 Sum rule tests[to be written℄9.5 Hadronization benhmark tests[to be written℄9.6 Intranulear resattering benhmark tests[to be written℄9.6.1 `Merenyi' test[to be written℄9.6.2 `hA' tests[to be written℄ 108



CHAPTER 9. VALIDATION TOOLS 1099.7 Cross-release and integrity heks[to be written℄9.8 NuValidatorWhat is NuValidator?[to be written℄Status[to be written℄Starting the graphial user interfae (GUI)To start the GUI type:shell$ gnuvld_gui &Bootstraping the data-baseFrom the GUI:1. Clik `Database' → `Connet' to enter the data-base information usingthe data-base onnetion dialog.2. Clik `Database' → `Bootstrap dbase'.Alternatively, use the gnuvld_dbbootstrap GENIE utility. Type:shell$ gnuvld_dbbootstrap -h host -d dbase -u user -p passwdHow do I �ll-in the data-base?From the GUI:1. Clik `File' → `Open XML' and selet the input XML data �le.2. Clik `Database'→ `Connet' to enter the data-base information using thedata-base onnetion dialog.3. Clik `Database' →`Upload XML �le to dbase`.Alternatively, use the gnuvld_dbupload GENIE utility. Type:shell$ gnuvld_dbupload -f /path//xml_file -h host -d dbase -u user -p passwdUsing the GUI[to be written℄



Chapter 10For Advaned Users:Extending GENIE10.1 Introdution10.2 Calling GENIE algorithms diretlyGENIE provides a host of event generation appliations and utilities and mostusers will only ever interat with these. It is only for the most advaned GENIEuses-ases that one may need to aess and run algorithms diretly. This istypially a 4-step proess, as outlined below:1. Get an algorithm fatory (AlgFatory) instane. The algorithm fatoryprovides aess to on�gured instanes of all GENIE algorithms.AlgFatory * algf = AlgFatory::Instane();2. Request a onrete algorithm from the fatory. Eah algorithm is uniquelyspei�ed by its name and the name of its on�guration parameter set.onst Algorithm * alg_base = algf->GetAlgorithm(�name�, �onfig�);3. Type-ast Algorithm to the spei� algorithmi interfae (XyzI ) being im-plemented. For example, for ross setion algorithms type-ast to XSeAl-gorithmI, for hadronization models to HadronizationModelI, for strururefuntion models to DISStrutureFunModelI, for event generation mod-ules to EventReordVisitorI et (please onsult the GENIE doxygen odereferene for a full list of possibilities).onst XzyI * alg = dynami_ast<onst XyzI *>(alg_base);4. Prepare the algorithm inputs and run it (please onsult GENIE doxygenode referene for doumentation on eah algorithmi interfae).110



CHAPTER 10. FOR ADVANCED USERS: EXTENDING GENIE 111Example 1The following example shows how to get the Rein-Sehgal resonane neutrino-prodution model, alulate the di�erential ross setion d2σ/dWdQ2 for νµ +n(bound in Fe56) → µ− + P11(1440) at Eν =2.4 GeV , W=1.35 GeV , Q2=1.1
GeV 2 and then alulate the integrated ross setion at the same energy:{ ...// get the algorithm fatoryAlgFatory * algf = AlgFatory::Instane();// get the ross setion algorithmonst Algorithm * algbase =algf->GetAlgorithm("genie::ReinSeghalRESPXSe", "Default"));onst XSeAlgorithmI * xse_model =dynami_ast<onst XSeAlgorithmI *> (algbase);// prepare the ross setion algorithm inputsInteration * interation= Interation::RESCC(kPdgTgtFe56,kPdgNeutron,kPdgNuMu);interation->InitStatePtr()->SetProbeE(2.4);interation->KinePtr()->SetW(1.35);interation->KinePtr()->SetQ2(1.1);interation->ExlTagPtr()->SetResonane(kP11_1440);// alulate d2sigma/dWdQ2 differential ross setion// (in 1E-38 m^2 / GeV^3)double diff_xse = xse_model->XSe(interation, kPSWQ2fE) / (1E-38 * units::m2);// get the integrated ross setion// (in 1E-38 m^2)double intg_xse = xse_model->Integral(interation) / (1E-38 * units::m2);...}10.3 Adding new �ux drivers[to be written℄10.4 Adding new event generation appliations[to be written℄



CHAPTER 10. FOR ADVANCED USERS: EXTENDING GENIE 11210.5 Adding new ross setion algorithms[to be written℄10.6 Adding new event generation modules[to be written℄10.7 Adding new event generation threads[to be written℄10.8 Plugging-in to the message logging systemThe message logging system is based on the log4pp library. GENIE providestheMessenger lass whih enfores ommon formatting for messages emitted byGENIE lasses and provides an easier interfae to the log4pp library. Messagesare sent using one of the
• LOG(stream,priority),
• LOG_FATAL(stream),
• LOG_ALERT(stream),
• LOG_CRIT(stream),
• LOG_ERROR(stream),
• LOG_WARN(stream),
• LOG_NOTICE(stream),
• LOG_INFO(stream)
• LOG_DEBUG(stream)Messenger maros as shown in 1. Eah message is assigned a priority level (seeTable 10.1) that an be used for message �ltering using thevoid genie::Messenger::SetPriorityLevel(onst har * stream log4pp::Priority::Value priority)method as shown in 1. Eah message is 'deorated' with its time stamp, itspriority level, its stream name and the name spae / lass name / method name/ line of ode from where it was emittedtime priority stream name : <method signature (line of ode)> : atual messageFor example:10891167 ERROR Con�g:<bool genie::Con�gPool::LoadXMLCon�g() (100)>: Parsing failed
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Message Priority LevelspFATALpALERTpCRITpERRORpWARNpNOTICEpINFOpDEBUGTable 10.1: Priority levels in GENIE / log4pp shown in dereasing importane.

Algorithm 1 Example use of the GENIE / log4pp message logging.{ ...LOG(�stream-name�, pFATAL) << � a fatal message�;LOG(�stream-name�, pERROR) << � an error message�;LOG(�stream-name�, pWARN) << � a warning�;// alternative ways to send messagesLOG_ERROR(�stream-name�) << � another error message�;LOG_WARN(�stream-name�) << � another warning�;...Messenger * msg = Messenger::Instane(); // get a messenger instane...msg->SetPriorityLevel(�stream-name�,pERROR); // set message threshold to 'ERROR'...LOG(�stream-name�, pALERT) << � an alert � passes the message thershold�;LOG(�stream-name�, pDEBUG) << � a debug message � �ltered / not shown�;...}



Chapter 11Speial topis, FAQs andTroubleshootingDeiding whih partiles to deayGENIE attempts to simulate the omplex physis within the nulear environ-ment and, by default, it onsiders that every partile whih esapes the targetnuleus has left its realm. It is the responsibility of the detetor simulation tohandle partiles that propagate more than a few fermis before deaying. GE-NIE, for example, in its default mode, will not deay harmed hadrons. If, likemany others, you think that these are �short-lived� partiles GENIE ought todeay then onsider this: If a C12 nuleus was as big as the Earth, then thesepartiles would deay more than a light year away (cτ0(Λ+
c )/(C12radius) ∼ 2

× 1010, cτ0(Ds)/(C
12radius) ∼ 5 × 1010, et). Similarly, GENIE won't deay

τ leptons. The default GENIE settings are appropriate as we do not want to bemaking any assumption regarding the user's detetor tehnology and its abilityto detet these short traks. (Deaying τ leptons is obviously not desirable foran emulsion detetor).One an easily override the default GENIE hoies by setting a series of�DeayPartileWithCode=i� �ags at the `$GENIE/on�g/UserPhysisOptions.xml'on�guration �le.For example, to enable deays of τ− leptons (PDG ode = 15), one needs tohange:<param type=�bool� name=�DeayPartileWithCode=15�> false </param>to:<param type=�bool� name=�DeayPartileWithCode=15�> true </param>Inhibiting deay hannelsBy default, GENIE does not inhibit any kinematially allowed hannel. How-ever, for ertain studies, a user may wish to inhibit ertain uninteresting deayhannels in order to speed up event generation. This an be done by settinga series of �InhibitDeay/Partile=i,Channel=j� on�guration options at the`$GENIE/on�g/UserPhysisOptions.xml' �le.114



CHAPTER 11. SPECIAL TOPICS, FAQS AND TROUBLESHOOTING 115To �gure out the deay hannel ode numbers use the print_deay_hannels.Csript in `$GENIE/sr/ontrib/mis/' (GENIE uses the ROOT `TDeayChannel 'IDs).For example, to inbibit the τ− lepton (PDG ode = 15) τ− → ντe
−ν̄e deayhannel (deay hannel ID = 0), one needs to type:<param type=�bool� name=InhibitDeay/Partile=15,Channel=0�> true </param>GENIE random number periodiity.GENIE is using ROOT's Mersenne Twistor random number generator withperiodiity of 106000. See the ROOT TRandom3 lass for details. In ad-dition GENIE is strutured to use several random number generator objetseah with its own "independent" random number sequene (see disussion inROOT TRandom lass desription). GENIE provides di�erent random numbergenerators for di�erent types of GENIE modules: As an example, Random-Gen::RndHadro() returns the generator to by used in hadronization models,RandomGen::RndDe() returns the generator to be used by deayers, Random-Gen::RndKine() returns the generator to be used by kinematis generators,RandomGen::RndFsi() returns the generator to be used by intranulear resat-tering MCs and so on... (see RandomGen for the list of all generators). This isan option reserved for the future as urrently all modules are passed the samerandom number generator (no problems with the generator periodiity havebeen found or reported so far).Making user-ode onditional on the GENIE version number.This an be done in similar way as with ROOT by inluding `$GENIE/sr/Conventions/GVersion.h'(this header �les generated automatially during the GENIE installation). If,for example, one wants to do something di�erent before/after version 2.16.22,then simply type:#if __GENIE_RELEASE_CODE__ >= GRELCODE(2,16,22)...#else...#endifNuValidator onnetion to the MySQL data-base.On every single instane that a user had di�ulties getting NuValidator to on-net to the MySQL data-base it invariably turned out that the user's ROOTinstallation was not properly on�gured for MySQL. If you run into similarproblems, then try onneting to your MySQL server diretly from a ROOTinterative session to make sure that everything is properly on�gured. For ex-ample, try the following sequene:Connet to the `test' data-base.root [0℄ sql = TSQLServer::Connet("mysql://loalhost/test","","");



CHAPTER 11. SPECIAL TOPICS, FAQS AND TROUBLESHOOTING 116If you were onneted suesfully get some info for the data-base.root [1℄ out < < sql->GetHost() < < endl;loalhostroot [2℄ out < < sql->GetPort() < < endl;0root [3℄ out < < sql->GetDBMS() < < endl;MySQLCreate a new table alled `mytest' into the `test' data-base.root [4℄ sql->Query("reate table mytest (I INT, J INT)");Insert 3 rows.root [5℄ sql->Query("insert into mytest values (1,1)");root [6℄ sql->Query("insert into mytest values (2,3)");root [7℄ sql->Query("insert into mytest values (5,6)");Query the `test' data-base for the `mytest' table ontents.root [8℄ TSQLResult * result = sql->Query("selet * from mytest");Print the number of rows.root [9℄ out < < result->GetRowCount() < < endl;3Get the 1st row`(1,1)' and print the �eldsroot [10℄ TSQLRow * row = result->Next();root [11℄ out < < row->GetField(0) < < endl;1root [12℄ out < < row->GetField(1) < < endl;1If there is a mis-on�guration problem then it will show-up early on. Readthe ROOT installation instrution and try to on�gure ROOT with MySQLproperly.Sreen resolution too poor for the NuValidator GUI.The NuValidator GUI windows may appear too large to be usable if the sreenresolution is poor (eg 800 x 600). In this ase some of the main GUI windowframes an be hidden or undoked and overlayed so that the main window takesmuh less spae. To undok frames use the options under the `View' menu.



Appendix ASummary of ImportantPhysis ParametersA large set of physis parameters ontrols the models desribed above. For on-veniene all these parameters are de�ned at a single on�guration �le, `$GE-NIE/on�g/UserPhysisOptions.xml'. These parameters are listed below.
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APPENDIX A. SUMMARY OF IMPORTANT PHYSICS PARAMETERS118Grp. Physis Default GENIEparameter value parameter nameBasi Vud 0.97377 CKM-Vud
Vus 0.2257 CKM-Vus
Vcd 0.230 CKM-Vd
Vcs 0.957 CKM-Vs
GF 1.16639E-5 GeV −2

θc 0.22853207 CabbiboAngle
θw 0.49744211 WeinbergAngle
mcharm 1.430 GeV
µp 2.7930 AnomMagnMoment-P
µn -1.913042 AnomMagnMoment-NNC-EL MA 0.990 GeV EL-Ma
MV 0.840 GeV EL-Mv
ηaxial 0.12 EL-Axial-EtaL/S MA 0.990 GeV QEL-MaQEL-CC MV 0.840 GeV QEL-Mv
FA(Q2 = 0) -1.2670 QEL-FA0R/S RES Ω 1.05Z 0.762
MA 1.120 GeV
MV 0.840 GeVResonanes P33(1232;120),(mass and S11(1535;150),width in D13(1520;120),MeV) S11(1650;150),D13(1700;100),D15(1675;150),S31(1620;150),D33(1700;300),P11(1440;350),P13(1720;150),F15(1680;130),P31(1910;250),P33(1920;200),F35(1905;350),F37(1950;300),P11(1710;100)Coherene falseB/Y DIS A 0.538
B 0.305
Cu

s 0.363
Cd

s 0.621
Cu

v1 0.291
Cu

v2 0.189
Cd

v1 0.202
Cd

v2 0.255
X0 -0.00817
X1 0.0506
X2 0.0798PDF Q2

min 0.800 GeV 2Unorr. PDF set GRV98LONulear mod.? trueWhitlow R (FL)? true



APPENDIX A. SUMMARY OF IMPORTANT PHYSICS PARAMETERS119Grp. Physis Default GENIEparameter value parameter nameR/S COH MA 1.000 GeV
R0 1.000 fm
Re/ImAmpl 0.300Mod. PCAC? trueTransition R(νp;CC;n = 2) 0.100Region R(νp;CC;n = 3) 1.000
R(νp;NC;n = 2) 0.100
R(νp;NC;n = 3) 1.000
R(νn;CC;n = 2) 0.300
R(νn;CC;n = 3) 1.000
R(νn;NC;n = 2) 0.300
R(νn;NC;n = 3) 1.000
R(ν̄p;CC;n = 2) 0.300
R(ν̄p;CC;n = 3) 1.000
R(ν̄p;NC;n = 2) 0.300
R(ν̄p;NC;n = 3) 1.000
R(ν̄n;CC;n = 2) 0.100
R(ν̄n;CC;n = 3) 1.000
R(ν̄n;NC;n = 2) 0.100
R(ν̄n;NC;n = 3) 1.000
Wcut 1.7 GeVBBA2005 Gep(a0) 1.
Gep(a1) -0.0578
Gep(a2) 0.
Gep(b1) 11.100
Gep(b2) 13.60
Gep(b3) 33.00
Gep(b4) 0.
Gµp(a0) 1.
Gµp(a1) 0.1500
Gµp(a2) 0.
Gµp(b1) 11.100
Gµp(b2) 19.600
Gµp(b3) 7.540
Gµp(b4) 0.
Gen(a0) 0.
Gen(a1) 1.250
Gen(a2) 1.30
Gen(b1) -9.86
Gen(b2) 305.0
Gen(b3) -758.0
Gen(b4) 802.0
Gµn(a0) 1.
Gµn(a1) 1.810
Gµn(a2) 0.
Gµn(b1) 14.100
Gµn(b2) 20.70
Gµn(b3) 68.7
Gµn(b4) 0.Table A.1: [to be written℄



APPENDIX A. SUMMARY OF IMPORTANT PHYSICS PARAMETERS120
Grp. Physis Default GENIEparameter value parameter namea pcutoff 0.5 GeVRemoval Li6 0.017Energy C12 0.025(GeV) O16 0.027Mg24 0.032Ca40 0.028Fe56 0.036Ni58 0.036Pb208 0.044other
kF Li6 (p) 0.169(GeV) (n) 0.169C12 (p) 0.221(n) 0.221O16 (p) 0.225(n) 0.225Mg24 (p) 0.235(n) 0.235Si28 (p) 0.239(n) 0.239Ar40 (p) 0.242(n) 0.259Ca40 (p) 0.251(n) 0.251Fe56 (p) 0.251(n) 0.263Ni58 (p) 0.257(n) 0.263Sn120 (p) 0.245(n) 0.274Ta181 (p) 0.247(n) 0.281Pb208 (p) 0.245(n) 0.283Table A.2: Default values for parameters ontrolling the Fermi Gas model im-plementation in GENIE.



Appendix BInstallation instrutions forbeginnersInstalling 3rd party softwareThe following dependenies need to be installed, in the following order.LOG4CPPBefore installing log4ppChek whether log4pp is already installed at your system. The library �le-name ontains liblog4pp, so if you annot �nd a �le with a �lename ontainingliblog4pp, then you probably do not have the software installed.Getting the soure odeDownload the soure ode from the soureforge anonymous CVS repository(when prompted for a password, simply hit enter):shell$ d /dir/for/external/sr/odeshell$ vs -d :pserver:anonymous�log4pp.vs.soureforge.net:/vsroot/log4pp loginshell$ vs -d :pserver:anonymous�log4pp.vs.soureforge.net:/vsroot/log4pp -z3 olog4ppCon�guring and buildingEnter the log4pp diretory and run `autogen' and `onfigure'. Replae [loa-tion℄ with the installation diretory of your hoie; you annot install it in thesame diretory as the soure (where you are now). You an hoose not to usethe `--prefix' tag, in whih ase the default install diretory is `/usr/loal '.shell$ d log4ppshell$ ./autogen.shshell$ ./onfigure --prefix=[loation℄What's left is to run `make' and `make install'. If make install gives you anerror while opying or moving �les stating that the �les are idential, then youprobably hoose the soure folder as your install folder in the above on�gurestep. Rerun on�gure with a di�erent loation (or simply leave the `--prefix'option out for the default). 121



APPENDIX B. INSTALLATION INSTRUCTIONS FOR BEGINNERS 122shell$ makeshell$ make installNotes:
• Alternatively, you may install pre-ompiled binaries. For example, if youare using `yum' on LINUX then just type:shell$ yum install log4ppOn MAC OS X you an do the same using `DarwinPorts':shell$ sudo port install log4ppLIBXML2Before installing libxml2Chek whether libxml2 is already installed at your system - most likely it is.Look for a libxml2.* library (typially in `/usr/lib') and for a libxml2 inludefolder (typially in `/usr/inlude').Getting the soure odeDownload the soure ode from the GNOME subversion repository:shell$ d /dir/for/external/sr/odeshell$ svn o https://svn.gnome.org/svn/libxml2/trunk libxml2Alternatively, you download the ode as a gzipped tarball from:http://xmlsoft.org/downloads.html.Con�guring and buildingshell$ d libxml2shell$ ./autogen.sh --prefix=[loation℄shell$ makeshell$ make installNotes:
• Alternatively, you may install pre-ompiled binaries. For example, if youare using `yum' on LINUX then just type:shell$ yum install libxml2On MAC OS X you an do the same using `DarwinPorts':shell$ sudo port install libxml2LHAPDFGetting the soure odeGet the LHAPDF ode (and PDF data �les) from http://projets.hepforge.org/lhapdf/.The tarball orrsponding to version `x.y.z' is named `lhapdf-x.y.z.tar.gz '.shell$ mv lhapdf-x.y.z.tar.gz /dir/for/external/sr/odeshell$ d /diretory/to/download/external/ode



APPENDIX B. INSTALLATION INSTRUCTIONS FOR BEGINNERS 123shell$ tar xzvf lhapdf-x.y.z.tar.gzCon�guring and buildingshell$ d lhapdf-x.y.z/shell$ ./onfigure --prefix=[loation℄shell$ makeshell$ make installPYTHIA6Installation of PYTHIA6 is simpli�ed by using a sript provided by RobertHather. A version of Robert's sript is also kept at the GENIE web site at:http://hepunx.rl.a.uk/∼andreop/generators/GENIE/et/installation/You an run the sript (please, also read its doumentation) as:shell$ soure build_pythia6.sh [version℄For example, in order to download and install version 6.4.12, type:shell$ soure build_pythia6.sh 6412ROOTGetting the soure odeGet the soure ode from the ROOT subversion repository. To get the develop-ment version, type:shell$ vs o http://root.ern.h/svn/root/trunk rootTo get a spei� version `x.y.z ', type:shell$ vs o http://root.ern.h/svn/root/tags/vx-y-z rootshell$ vs o http://root.ern.h/svn/root/tags/v5-22-00 rootSee http://root.ern.h/drupal/ontent/downloading-root/Con�guring and buildingshell$ export ROOTSYS=/path/to/install_rootshell$ d $ROOTSYSshell$ ./onfigure [arh℄ [other options℄ --enable-pythia6 --with-pythia6-libdir=$PYTHIA6shell$ makeTestingAessing root is an easy test to see if it has installed orretly. If you are notfamiliar with root, use �.q� in root prompt to quit.shell$ root -lroot [0℄ .q



APPENDIX B. INSTALLATION INSTRUCTIONS FOR BEGINNERS 124See http://root.ern.h/root/Install.html for more information on installing ROOTfrom soure.



Appendix CGlossary
• A� AGKY: A home-grown neutrino-indued hadroni multiplartile pro-dution model developed by C.Andreopoulos, H.Gallagher, P.Kehayiasand T.Yang.
• B� BY: Bodek-Yang.
• C� COH:� CVS:
• D� DarwinPorts:� DIS: Deep Inelasti Sattering.
• E
• F � FGM: Fermi Gas Model.
• G� Geant4:� GDML:� GENIE: Generates Events for Neutrino Interation Experiments.� GNuMI:� gevdump:� gevgen: 125



APPENDIX C. GLOSSARY 126� gmkspl:� gntp:� gspladd� gspl2root:� gT2Kevgen:� gSKxstable:� ghAevgen:
• H� hA:� hN:
• I � IMD: Inverse Muon Deay� INTRANUKE: A home-grown intranulear hadron transport MC.Intranuke was initially developed within NEUGEN for the Soudan-2 experiment by W.A.Mann, R.Merenyi, R.Edgeok, H.Gallagher,G.F.Peare and others. Sine then it was signi�antly improved andis now extensively used by MINOS and other experiments. CurrentINTRANUKE development is led by S.Dytman. INTRANUKE, infat, ontains two independent models (alled `hN' and `hA').
• J � JETSET:� JNUBEAM:� JPARC:
• K� KNO: Refers to the Koba, Nielsen and Olesen saling law.
• L � LHAPDF: Les Houhes Aord PDF Interfae.� libxml2: The XML C parser and toolkit of Gnome (see http://xmlsoft.org).� log4pp: A library of C++ lasses for �eible loggingto �les, syslog,IDSA and other destinations (see http://log4pp.soureforge.net).
• M
• N� NEUT:� NUANCE:



APPENDIX C. GLOSSARY 127� NuMI
• O
• P � PYTHIA:
• Q� QEL: Quasi-Elasti.
• R� RES: Resonane.� Registry:� ROOT:� RS: Rein-Sehgal� RSB: Rein-Sehgal-Berger� RSD: Remote Software Deployment Tools. A system for automatedsoftware installation developed by Nik West (Oxford).
• S � Subversion:� SVN:� SKDETSIM:
• T
• U
• V
• W
• X� XML: Extensible Markup Language.
• Y :� Yum:
• Z



Appendix DThe GENIE mugGENIE development is fueled primarily by C8H10N4O2
1 so the GENIE mugis a key omponent to the projet suess. Below, the GENIE mug in ation atRutherford Lab.

1Ca�eine 128



Appendix ECommonly used partile andstatus odesPartile odesSee PDG `Monte Carlo Partile Numbering Sheme' for a omplete list.http://pdg.lbl.gov/2008/mdata/m_partile_id_ontents.shtml
νe (ν̄e) 12 (-12) p 2212 π0 111
νµ (ν̄µ) 14 (-14) n 2112 π+ (π−) 211 (-211)
ντ (ν̄τ ) 16 (-16) Λ0 3122 ρ0 113
e− (e+) 11 (-11) Σ+ 3222 ρ+ (ρ−) 213 (-213)
µ− (µ+) 13 (-13) Σ0 3212 η 221
τ− (τ+) 15 (-15) Σ− 3112 η′ 331
d (d̄) 1 (-1) Ξ0 3322 ω 223
u (ū) 2 (-2) Ξ− 3312 φ 333
s (s̄) 3 (-3) Ω− 3332 ηc 441
c (c̄) 4 (-4) Λ+

c 4122 J/ψ 443
b (b̄) 5 (-5) Σ0

c 4112 K0 (K̄0) 311 (-311)
t (t̄) 6 (-6) Σ+

c 4212 K+ (K−) 321 (-321)
uu (s = 1) 2203 Σ++

c 4222 K0
L 130

ud (s = 0) 2101 Ξ0
c 4132 K0

S 310
ud (s = 1) 2103 Ξ+

c 4232 D0 (D̄0) 421 (-421)dd (s = 1) 1103 Ω0
c 4332 D+ (D−) 411 (-411)

su (s = 0) 3201 D+
s (D−

s ) 431 (-431)
su (s = 1) 3203
sd (s = 0) 3101
sd (s = 1) 3103
ss (s = 1) 3303
g 21
γ 22
Z0 23
W+ (W−) 24 (-24) 129



APPENDIX E. COMMONLY USED PARTICLE AND STATUS CODES 130Codes for baryon resonanes
P33(1232); ∆− 1114 D13(1700); N0 21214
P33(1232); ∆0 2114 D13(1700); N+ 22124
P33(1232); ∆+ 2214 P11(1710); N0 42112
P33(1232); ∆++ 2224 P11(1710); N+ 42212
P11(1440); N0 12112 P13(1720); N0 31214
P11(1440); N+ 12212 P13(1720); N+ 32124
D13(1520); N0 1214 F35(1905); ∆− 1116
D13(1520); N+ 2124 F35(1905); ∆0 1216
S11(1535); N0 22112 F35(1905); ∆+ 2126
S11(1535); N+ 22212 F35(1905); ∆++ 2226
S31(1620); ∆− 11112 P31(1910); ∆− 21112
S31(1620); ∆0 1212 P31(1910); ∆0 21212
S31(1620); ∆+ 2122 P31(1910); ∆+ 22122
S31(1620); ∆++ 2222 P31(1910); ∆++ 22222
S11(1650); N0 32112 P33(1920); ∆− 21114
S11(1650); N+ 32212 P33(1920); ∆0 22114
D15(1675); N0 2116 P33(1920); ∆+ 22214
D15(1675); N+ 2216 P33(1920); ∆++ 22224
F15(1680); N0 12116 F37(1950); ∆− 1118
F15(1680); N+ 12216 F37(1950); ∆0 2118
D33(1700); ∆− 11114 F37(1950); ∆+ 2218
D33(1700); ∆0 12114 F37(1950); ∆++ 2228
D33(1700); ∆+ 12214
D33(1700); ∆++ 12224Codes for ionsGENIE has adopted the standard PDG (2006) partile odes. For ions it hasadopted a PDG extension, using the 10-digit ode 10LZZZAAAI where AAA isthe total baryon number, ZZZ is the total harge, L is the number of strangequarks and I is the isomer number (I=0 orresponds to the ground state).So, for example:1000010010 → H11000060120 → C12 :1000080160 → O16 :1000260560 → Fe56 :and so on.Codes for GENIE pseudo-partilesGENIE-spei� pseudo-partiles have PDG odes >= 2000000000.



APPENDIX E. COMMONLY USED PARTICLE AND STATUS CODES 131Status odesDesription GHepStatus_t As intUnde�ned kIStUnde�ned -1Initial state kIStInitialState 0Stable �nal state kIstStableFinalState 1Intermediate state kIStIntermediateState 2Deayed state kIStDeayedState 3Nuleon target kIStNuleonTarget 11DIS pre-fragm. hadroni state kIStDISPreFragmHadroniState 12Resonant pre-deayed state kIStPreDeayResonantState 13Hadron in the nuleus kIStHadronInTheNuleus 14Final state nulear remnant kIStFinalStateNulearRemnant 15Nuleon luster target kIStNuleonClusterTarget 16



Appendix FCopyright Notie() 2003-2009, GENIE CollaborationFor all ommuniations:Dr. Costas AndreopoulosSiene and Tehnology Failities Counil / Rutherford Appleton LaboratoryHarwell Siene and Innovation Campus, Oxfordshire OX11 0QX, United King-domE-mail: ostas.andreopoulos�stf.a.ukTEL: +44-(0)1235-445091FAX: +44-(0)1235-446733GNU GENERAL PUBLIC LICENSEVersion 3, 29 June 2007Copyright (C) 2007 Free Software Foundation, In. <http://fsf.org/> Everyoneis permitted to opy and distribute verbatim opies of this liense doument,but hanging it is not allowed.PreambleThe GNU General Publi Liense is a free, opyleft liense for software andother kinds of works.The lienses for most software and other pratial works are designed totake away your freedom to share and hange the works. By ontrast, the GNUGeneral Publi Liense is intended to guarantee your freedom to share andhange all versions of a program�to make sure it remains free software for all itsusers. We, the Free Software Foundation, use the GNU General Publi Liensefor most of our software; it applies also to any other work released this way byits authors. You an apply it to your programs, too.When we speak of free software, we are referring to freedom, not prie. OurGeneral Publi Lienses are designed to make sure that you have the freedomto distribute opies of free software (and harge for them if you wish), that youreeive soure ode or an get it if you want it, that you an hange the software132



APPENDIX F. COPYRIGHT NOTICE 133or use piees of it in new free programs, and that you know you an do thesethings.To protet your rights, we need to prevent others from denying you theserights or asking you to surrender the rights. Therefore, you have ertain respon-sibilities if you distribute opies of the software, or if you modify it: responsi-bilities to respet the freedom of others.For example, if you distribute opies of suh a program, whether gratis or fora fee, you must pass on to the reipients the same freedoms that you reeived.You must make sure that they, too, reeive or an get the soure ode. And youmust show them these terms so they know their rights.Developers that use the GNU GPL protet your rights with two steps: (1)assert opyright on the software, and (2) o�er you this Liense giving you legalpermission to opy, distribute and/or modify it.For the developers' and authors' protetion, the GPL learly explains thatthere is no warranty for this free software. For both users' and authors' sake,the GPL requires that modi�ed versions be marked as hanged, so that theirproblems will not be attributed erroneously to authors of previous versions.Some devies are designed to deny users aess to install or run modi�edversions of the software inside them, although the manufaturer an do so. Thisis fundamentally inompatible with the aim of proteting users' freedom tohange the software. The systemati pattern of suh abuse ours in the area ofproduts for individuals to use, whih is preisely where it is most unaeptable.Therefore, we have designed this version of the GPL to prohibit the pratie forthose produts. If suh problems arise substantially in other domains, we standready to extend this provision to those domains in future versions of the GPL,as needed to protet the freedom of users.Finally, every program is threatened onstantly by software patents. Statesshould not allow patents to restrit development and use of software on general-purpose omputers, but in those that do, we wish to avoid the speial dangerthat patents applied to a free program ould make it e�etively proprietary.To prevent this, the GPL assures that patents annot be used to render theprogram non-free.The preise terms and onditions for opying, distribution and modi�ationfollow.TERMS AND CONDITIONS0. De�nitions."This Liense" refers to version 3 of the GNU General Publi Liense."Copyright" also means opyright-like laws that apply to other kinds ofworks, suh as semiondutor masks."The Program" refers to any opyrightable work liensed under this Liense.Eah liensee is addressed as "you". "Liensees" and "reipients" may be indi-viduals or organizations.To "modify" a work means to opy from or adapt all or part of the workin a fashion requiring opyright permission, other than the making of an exatopy. The resulting work is alled a "modi�ed version" of the earlier work or awork "based on" the earlier work.



APPENDIX F. COPYRIGHT NOTICE 134A "overed work" means either the unmodi�ed Program or a work based onthe Program.To "propagate" a work means to do anything with it that, without per-mission, would make you diretly or seondarily liable for infringement underappliable opyright law, exept exeuting it on a omputer or modifying aprivate opy. Propagation inludes opying, distribution (with or without mod-i�ation), making available to the publi, and in some ountries other ativitiesas well.To "onvey" a work means any kind of propagation that enables other partiesto make or reeive opies. Mere interation with a user through a omputernetwork, with no transfer of a opy, is not onveying.An interative user interfae displays "Appropriate Legal Noties" to theextent that it inludes a onvenient and prominently visible feature that (1)displays an appropriate opyright notie, and (2) tells the user that there is nowarranty for the work (exept to the extent that warranties are provided), thatliensees may onvey the work under this Liense, and how to view a opy ofthis Liense. If the interfae presents a list of user ommands or options, suhas a menu, a prominent item in the list meets this riterion.1. Soure Code.The "soure ode" for a work means the preferred form of the work for makingmodi�ations to it. "Objet ode" means any non-soure form of a work.A "Standard Interfae" means an interfae that either is an o�ial standardde�ned by a reognized standards body, or, in the ase of interfaes spei�ed fora partiular programming language, one that is widely used among developersworking in that language.The "System Libraries" of an exeutable work inlude anything, other thanthe work as a whole, that (a) is inluded in the normal form of pakaginga Major Component, but whih is not part of that Major Component, and(b) serves only to enable use of the work with that Major Component, or toimplement a Standard Interfae for whih an implementation is available to thepubli in soure ode form. A "Major Component", in this ontext, means amajor essential omponent (kernel, window system, and so on) of the spei�operating system (if any) on whih the exeutable work runs, or a ompiler usedto produe the work, or an objet ode interpreter used to run it.The "Corresponding Soure" for a work in objet ode form means all thesoure ode needed to generate, install, and (for an exeutable work) run theobjet ode and to modify the work, inluding sripts to ontrol those ativities.However, it does not inlude the work's System Libraries, or general-purposetools or generally available free programs whih are used unmodi�ed in per-forming those ativities but whih are not part of the work. For example,Corresponding Soure inludes interfae de�nition �les assoiated with soure�les for the work, and the soure ode for shared libraries and dynamiallylinked subprograms that the work is spei�ally designed to require, suh as byintimate data ommuniation or ontrol �ow between those subprograms andother parts of the work.The Corresponding Soure need not inlude anything that users an regen-erate automatially from other parts of the Corresponding Soure.The Corresponding Soure for a work in soure ode form is that same work.



APPENDIX F. COPYRIGHT NOTICE 1352. Basi Permissions.All rights granted under this Liense are granted for the term of opyrighton the Program, and are irrevoable provided the stated onditions are met.This Liense expliitly a�rms your unlimited permission to run the unmodi�edProgram. The output from running a overed work is overed by this Lienseonly if the output, given its ontent, onstitutes a overed work. This Lienseaknowledges your rights of fair use or other equivalent, as provided by opyrightlaw.You may make, run and propagate overed works that you do not onvey,without onditions so long as your liense otherwise remains in fore. Youmay onvey overed works to others for the sole purpose of having them makemodi�ations exlusively for you, or provide you with failities for running thoseworks, provided that you omply with the terms of this Liense in onveying allmaterial for whih you do not ontrol opyright. Those thus making or runningthe overed works for you must do so exlusively on your behalf, under yourdiretion and ontrol, on terms that prohibit them from making any opies ofyour opyrighted material outside their relationship with you.Conveying under any other irumstanes is permitted solely under the on-ditions stated below. Subliensing is not allowed; setion 10 makes it unnees-sary.3. Proteting Users' Legal Rights From Anti-Cirumvention Law.No overed work shall be deemed part of an e�etive tehnologial measureunder any appliable law ful�lling obligations under artile 11 of the WIPOopyright treaty adopted on 20 Deember 1996, or similar laws prohibiting orrestriting irumvention of suh measures.When you onvey a overed work, you waive any legal power to forbid ir-umvention of tehnologial measures to the extent suh irumvention is ef-feted by exerising rights under this Liense with respet to the overed work,and you dislaim any intention to limit operation or modi�ation of the workas a means of enforing, against the work's users, your or third parties' legalrights to forbid irumvention of tehnologial measures.4. Conveying Verbatim Copies.You may onvey verbatim opies of the Program's soure ode as you reeive it,in any medium, provided that you onspiuously and appropriately publish oneah opy an appropriate opyright notie; keep intat all noties stating thatthis Liense and any non-permissive terms added in aord with setion 7 applyto the ode; keep intat all noties of the absene of any warranty; and give allreipients a opy of this Liense along with the Program.You may harge any prie or no prie for eah opy that you onvey, andyou may o�er support or warranty protetion for a fee.5. Conveying Modi�ed Soure Versions.You may onvey a work based on the Program, or the modi�ations to produeit from the Program, in the form of soure ode under the terms of setion 4,provided that you also meet all of these onditions:



APPENDIX F. COPYRIGHT NOTICE 136a) The work must arry prominent noties stating that you modi�ed it, andgiving a relevant date.b) The work must arry prominent noties stating that it is released un-der this Liense and any onditions added under setion 7. This requirementmodi�es the requirement in setion 4 to "keep intat all noties".) You must liense the entire work, as a whole, under this Liense to anyonewho omes into possession of a opy. This Liense will therefore apply, alongwith any appliable setion 7 additional terms, to the whole of the work, and allits parts, regardless of how they are pakaged. This Liense gives no permissionto liense the work in any other way, but it does not invalidate suh permissionif you have separately reeived it.d) If the work has interative user interfaes, eah must display AppropriateLegal Noties; however, if the Program has interative interfaes that do notdisplay Appropriate Legal Noties, your work need not make them do so.A ompilation of a overed work with other separate and independent works,whih are not by their nature extensions of the overed work, and whih are notombined with it suh as to form a larger program, in or on a volume of astorage or distribution medium, is alled an "aggregate" if the ompilation andits resulting opyright are not used to limit the aess or legal rights of theompilation's users beyond what the individual works permit. Inlusion of aovered work in an aggregate does not ause this Liense to apply to the otherparts of the aggregate.6. Conveying Non-Soure Forms.You may onvey a overed work in objet ode form under the terms of setions4 and 5, provided that you also onvey the mahine-readable CorrespondingSoure under the terms of this Liense, in one of these ways:a) Convey the objet ode in, or embodied in, a physial produt (inluding aphysial distribution medium), aompanied by the Corresponding Soure �xedon a durable physial medium ustomarily used for software interhange.b) Convey the objet ode in, or embodied in, a physial produt (inluding aphysial distribution medium), aompanied by a written o�er, valid for at leastthree years and valid for as long as you o�er spare parts or ustomer supportfor that produt model, to give anyone who possesses the objet ode either(1) a opy of the Corresponding Soure for all the software in the produt thatis overed by this Liense, on a durable physial medium ustomarily used forsoftware interhange, for a prie no more than your reasonable ost of physiallyperforming this onveying of soure, or (2) aess to opy the CorrespondingSoure from a network server at no harge.) Convey individual opies of the objet ode with a opy of the writteno�er to provide the Corresponding Soure. This alternative is allowed onlyoasionally and nonommerially, and only if you reeived the objet odewith suh an o�er, in aord with subsetion 6b.d) Convey the objet ode by o�ering aess from a designated plae (gratisor for a harge), and o�er equivalent aess to the Corresponding Soure in thesame way through the same plae at no further harge. You need not requirereipients to opy the Corresponding Soure along with the objet ode. If theplae to opy the objet ode is a network server, the Corresponding Souremay be on a di�erent server (operated by you or a third party) that supports



APPENDIX F. COPYRIGHT NOTICE 137equivalent opying failities, provided you maintain lear diretions next to theobjet ode saying where to �nd the Corresponding Soure. Regardless of whatserver hosts the Corresponding Soure, you remain obligated to ensure that itis available for as long as needed to satisfy these requirements.e) Convey the objet ode using peer-to-peer transmission, provided youinform other peers where the objet ode and Corresponding Soure of thework are being o�ered to the general publi at no harge under subsetion 6d.A separable portion of the objet ode, whose soure ode is exluded fromthe Corresponding Soure as a System Library, need not be inluded in onvey-ing the objet ode work.A "User Produt" is either (1) a "onsumer produt", whih means any tan-gible personal property whih is normally used for personal, family, or householdpurposes, or (2) anything designed or sold for inorporation into a dwelling. Indetermining whether a produt is a onsumer produt, doubtful ases shall beresolved in favor of overage. For a partiular produt reeived by a partiularuser, "normally used" refers to a typial or ommon use of that lass of prod-ut, regardless of the status of the partiular user or of the way in whih thepartiular user atually uses, or expets or is expeted to use, the produt. Aprodut is a onsumer produt regardless of whether the produt has substan-tial ommerial, industrial or non-onsumer uses, unless suh uses represent theonly signi�ant mode of use of the produt."Installation Information" for a User Produt means any methods, proe-dures, authorization keys, or other information required to install and exeutemodi�ed versions of a overed work in that User Produt from a modi�ed ver-sion of its Corresponding Soure. The information must su�e to ensure thatthe ontinued funtioning of the modi�ed objet ode is in no ase prevented orinterfered with solely beause modi�ation has been made.If you onvey an objet ode work under this setion in, or with, or spei�-ally for use in, a User Produt, and the onveying ours as part of a transationin whih the right of possession and use of the User Produt is transferred tothe reipient in perpetuity or for a �xed term (regardless of how the transationis haraterized), the Corresponding Soure onveyed under this setion mustbe aompanied by the Installation Information. But this requirement does notapply if neither you nor any third party retains the ability to install modi�edobjet ode on the User Produt (for example, the work has been installed inROM).The requirement to provide Installation Information does not inlude a re-quirement to ontinue to provide support servie, warranty, or updates for awork that has been modi�ed or installed by the reipient, or for the User Prod-ut in whih it has been modi�ed or installed. Aess to a network may bedenied when the modi�ation itself materially and adversely a�ets the opera-tion of the network or violates the rules and protools for ommuniation arossthe network.Corresponding Soure onveyed, and Installation Information provided, inaord with this setion must be in a format that is publily doumented (andwith an implementation available to the publi in soure ode form), and mustrequire no speial password or key for unpaking, reading or opying.



APPENDIX F. COPYRIGHT NOTICE 1387. Additional Terms."Additional permissions" are terms that supplement the terms of this Liense bymaking exeptions from one or more of its onditions. Additional permissionsthat are appliable to the entire Program shall be treated as though they wereinluded in this Liense, to the extent that they are valid under appliable law.If additional permissions apply only to part of the Program, that part maybe used separately under those permissions, but the entire Program remainsgoverned by this Liense without regard to the additional permissions.When you onvey a opy of a overed work, you may at your option removeany additional permissions from that opy, or from any part of it. (Additionalpermissions may be written to require their own removal in ertain ases whenyou modify the work.) You may plae additional permissions on material, addedby you to a overed work, for whih you have or an give appropriate opyrightpermission.Notwithstanding any other provision of this Liense, for material you addto a overed work, you may (if authorized by the opyright holders of thatmaterial) supplement the terms of this Liense with terms:a) Dislaiming warranty or limiting liability di�erently from the terms ofsetions 15 and 16 of this Liense; orb) Requiring preservation of spei�ed reasonable legal noties or author at-tributions in that material or in the Appropriate Legal Noties displayed byworks ontaining it; or) Prohibiting misrepresentation of the origin of that material, or requiringthat modi�ed versions of suh material be marked in reasonable ways as di�erentfrom the original version; ord) Limiting the use for publiity purposes of names of liensors or authorsof the material; ore) Delining to grant rights under trademark law for use of some trade names,trademarks, or servie marks; orf) Requiring indemni�ation of liensors and authors of that material byanyone who onveys the material (or modi�ed versions of it) with ontratualassumptions of liability to the reipient, for any liability that these ontratualassumptions diretly impose on those liensors and authors.All other non-permissive additional terms are onsidered "further restri-tions" within the meaning of setion 10. If the Program as you reeived it, orany part of it, ontains a notie stating that it is governed by this Liense alongwith a term that is a further restrition, you may remove that term. If a liensedoument ontains a further restrition but permits reliensing or onveyingunder this Liense, you may add to a overed work material governed by theterms of that liense doument, provided that the further restrition does notsurvive suh reliensing or onveying.If you add terms to a overed work in aord with this setion, you mustplae, in the relevant soure �les, a statement of the additional terms that applyto those �les, or a notie indiating where to �nd the appliable terms.Additional terms, permissive or non-permissive, may be stated in the formof a separately written liense, or stated as exeptions; the above requirementsapply either way.



APPENDIX F. COPYRIGHT NOTICE 1398. Termination.You may not propagate or modify a overed work exept as expressly providedunder this Liense. Any attempt otherwise to propagate or modify it is void,and will automatially terminate your rights under this Liense (inluding anypatent lienses granted under the third paragraph of setion 11).However, if you ease all violation of this Liense, then your liense froma partiular opyright holder is reinstated (a) provisionally, unless and untilthe opyright holder expliitly and �nally terminates your liense, and (b) per-manently, if the opyright holder fails to notify you of the violation by somereasonable means prior to 60 days after the essation.Moreover, your liense from a partiular opyright holder is reinstated per-manently if the opyright holder noti�es you of the violation by some reasonablemeans, this is the �rst time you have reeived notie of violation of this Liense(for any work) from that opyright holder, and you ure the violation prior to30 days after your reeipt of the notie.Termination of your rights under this setion does not terminate the liensesof parties who have reeived opies or rights from you under this Liense. Ifyour rights have been terminated and not permanently reinstated, you do notqualify to reeive new lienses for the same material under setion 10.9. Aeptane Not Required for Having Copies.You are not required to aept this Liense in order to reeive or run a opyof the Program. Anillary propagation of a overed work ourring solely as aonsequene of using peer-to-peer transmission to reeive a opy likewise doesnot require aeptane. However, nothing other than this Liense grants youpermission to propagate or modify any overed work. These ations infringeopyright if you do not aept this Liense. Therefore, by modifying or propa-gating a overed work, you indiate your aeptane of this Liense to do so.10. Automati Liensing of Downstream Reipients.Eah time you onvey a overed work, the reipient automatially reeives aliense from the original liensors, to run, modify and propagate that work,subjet to this Liense. You are not responsible for enforing ompliane bythird parties with this Liense.An "entity transation" is a transation transferring ontrol of an organi-zation, or substantially all assets of one, or subdividing an organization, ormerging organizations. If propagation of a overed work results from an entitytransation, eah party to that transation who reeives a opy of the workalso reeives whatever lienses to the work the party's predeessor in interesthad or ould give under the previous paragraph, plus a right to possession ofthe Corresponding Soure of the work from the predeessor in interest, if thepredeessor has it or an get it with reasonable e�orts.You may not impose any further restritions on the exerise of the rightsgranted or a�rmed under this Liense. For example, you may not impose aliense fee, royalty, or other harge for exerise of rights granted under thisLiense, and you may not initiate litigation (inluding a ross-laim or ounter-laim in a lawsuit) alleging that any patent laim is infringed by making, using,selling, o�ering for sale, or importing the Program or any portion of it.



APPENDIX F. COPYRIGHT NOTICE 14011. Patents.A "ontributor" is a opyright holder who authorizes use under this Liense ofthe Program or a work on whih the Program is based. The work thus liensedis alled the ontributor's "ontributor version".A ontributor's "essential patent laims" are all patent laims owned orontrolled by the ontributor, whether already aquired or hereafter aquired,that would be infringed by some manner, permitted by this Liense, of making,using, or selling its ontributor version, but do not inlude laims that wouldbe infringed only as a onsequene of further modi�ation of the ontributorversion. For purposes of this de�nition, "ontrol" inludes the right to grantpatent sublienses in a manner onsistent with the requirements of this Liense.Eah ontributor grants you a non-exlusive, worldwide, royalty-free patentliense under the ontributor's essential patent laims, to make, use, sell, o�erfor sale, import and otherwise run, modify and propagate the ontents of itsontributor version.In the following three paragraphs, a "patent liense" is any express agree-ment or ommitment, however denominated, not to enfore a patent (suh asan express permission to pratie a patent or ovenant not to sue for patentinfringement). To "grant" suh a patent liense to a party means to make suhan agreement or ommitment not to enfore a patent against the party.If you onvey a overed work, knowingly relying on a patent liense, andthe Corresponding Soure of the work is not available for anyone to opy, freeof harge and under the terms of this Liense, through a publily availablenetwork server or other readily aessible means, then you must either (1) ausethe Corresponding Soure to be so available, or (2) arrange to deprive yourselfof the bene�t of the patent liense for this partiular work, or (3) arrange, in amanner onsistent with the requirements of this Liense, to extend the patentliense to downstream reipients. "Knowingly relying" means you have atualknowledge that, but for the patent liense, your onveying the overed work in aountry, or your reipient's use of the overed work in a ountry, would infringeone or more identi�able patents in that ountry that you have reason to believeare valid.If, pursuant to or in onnetion with a single transation or arrangement,you onvey, or propagate by prouring onveyane of, a overed work, and granta patent liense to some of the parties reeiving the overed work authorizingthem to use, propagate, modify or onvey a spei� opy of the overed work,then the patent liense you grant is automatially extended to all reipients ofthe overed work and works based on it.A patent liense is "disriminatory" if it does not inlude within the sopeof its overage, prohibits the exerise of, or is onditioned on the non-exerise ofone or more of the rights that are spei�ally granted under this Liense. Youmay not onvey a overed work if you are a party to an arrangement with athird party that is in the business of distributing software, under whih you makepayment to the third party based on the extent of your ativity of onveyingthe work, and under whih the third party grants, to any of the parties whowould reeive the overed work from you, a disriminatory patent liense (a) inonnetion with opies of the overed work onveyed by you (or opies madefrom those opies), or (b) primarily for and in onnetion with spei� produtsor ompilations that ontain the overed work, unless you entered into that



APPENDIX F. COPYRIGHT NOTICE 141arrangement, or that patent liense was granted, prior to 28 Marh 2007.Nothing in this Liense shall be onstrued as exluding or limiting any im-plied liense or other defenses to infringement that may otherwise be availableto you under appliable patent law.12. No Surrender of Others' Freedom.If onditions are imposed on you (whether by ourt order, agreement or other-wise) that ontradit the onditions of this Liense, they do not exuse you fromthe onditions of this Liense. If you annot onvey a overed work so as to sat-isfy simultaneously your obligations under this Liense and any other pertinentobligations, then as a onsequene you may not onvey it at all. For example,if you agree to terms that obligate you to ollet a royalty for further onveyingfrom those to whom you onvey the Program, the only way you ould satisfyboth those terms and this Liense would be to refrain entirely from onveyingthe Program.13. Use with the GNU A�ero General Publi Liense.Notwithstanding any other provision of this Liense, you have permission tolink or ombine any overed work with a work liensed under version 3 of theGNU A�ero General Publi Liense into a single ombined work, and to onveythe resulting work. The terms of this Liense will ontinue to apply to thepart whih is the overed work, but the speial requirements of the GNU A�eroGeneral Publi Liense, setion 13, onerning interation through a networkwill apply to the ombination as suh.14. Revised Versions of this Liense.The Free Software Foundation may publish revised and/or new versions of theGNU General Publi Liense from time to time. Suh new versions will besimilar in spirit to the present version, but may di�er in detail to address newproblems or onerns.Eah version is given a distinguishing version number. If the Program spe-i�es that a ertain numbered version of the GNU General Publi Liense "orany later version" applies to it, you have the option of following the terms andonditions either of that numbered version or of any later version published bythe Free Software Foundation. If the Program does not speify a version numberof the GNU General Publi Liense, you may hoose any version ever publishedby the Free Software Foundation.If the Program spei�es that a proxy an deide whih future versions ofthe GNU General Publi Liense an be used, that proxy's publi statement ofaeptane of a version permanently authorizes you to hoose that version forthe Program.Later liense versions may give you additional or di�erent permissions. How-ever, no additional obligations are imposed on any author or opyright holderas a result of your hoosing to follow a later version.



APPENDIX F. COPYRIGHT NOTICE 14215. Dislaimer of Warranty.THERE IS NO WARRANTY FOR THE PROGRAM, TO THE EXTENTPERMITTED BY APPLICABLE LAW. EXCEPTWHEN OTHERWISE STATEDIN WRITING THE COPYRIGHT HOLDERS AND/OR OTHER PARTIESPROVIDE THE PROGRAM "AS IS" WITHOUT WARRANTY OF ANYKIND, EITHER EXPRESSED OR IMPLIED, INCLUDING, BUT NOT LIM-ITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY ANDFITNESS FOR A PARTICULAR PURPOSE. THE ENTIRE RISK AS TOTHE QUALITY AND PERFORMANCE OF THE PROGRAM ISWITH YOU.SHOULD THE PROGRAM PROVE DEFECTIVE, YOU ASSUME THE COSTOF ALL NECESSARY SERVICING, REPAIR OR CORRECTION.16. Limitation of Liability.IN NO EVENT UNLESS REQUIRED BY APPLICABLE LAW OR AGREEDTO IN WRITING WILL ANY COPYRIGHT HOLDER, OR ANY OTHERPARTY WHO MODIFIES AND/OR CONVEYS THE PROGRAM AS PER-MITTED ABOVE, BE LIABLE TO YOU FOR DAMAGES, INCLUDINGANY GENERAL, SPECIAL, INCIDENTAL OR CONSEQUENTIAL DAM-AGES ARISING OUT OF THE USE OR INABILITY TO USE THE PRO-GRAM (INCLUDING BUT NOT LIMITED TO LOSS OF DATA OR DATABEING RENDERED INACCURATE OR LOSSES SUSTAINED BY YOUOR THIRD PARTIES OR A FAILURE OF THE PROGRAM TO OPER-ATE WITH ANY OTHER PROGRAMS), EVEN IF SUCH HOLDER OROTHER PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCHDAMAGES.17. Interpretation of Setions 15 and 16.If the dislaimer of warranty and limitation of liability provided above annotbe given loal legal e�et aording to their terms, reviewing ourts shall applyloal law that most losely approximates an absolute waiver of all ivil liabilityin onnetion with the Program, unless a warranty or assumption of liabilityaompanies a opy of the Program in return for a fee.END OF TERMS AND CONDITIONSHow to Apply These Terms to Your New ProgramsIf you develop a new program, and you want it to be of the greatest possibleuse to the publi, the best way to ahieve this is to make it free software whiheveryone an redistribute and hange under these terms.To do so, attah the following noties to the program. It is safest to attahthem to the start of eah soure �le to most e�etively state the exlusion ofwarranty; and eah �le should have at least the "opyright" line and a pointerto where the full notie is found.<one line to give the program's name and a brief idea of what it does.>Copyright (C) <year> <name of author>This program is free software: you an redistribute it and/or modify it underthe terms of the GNU General Publi Liense as published by the Free SoftwareFoundation, either version 3 of the Liense, or (at your option) any later version.



APPENDIX F. COPYRIGHT NOTICE 143This program is distributed in the hope that it will be useful, but WITHOUTANY WARRANTY; without even the implied warranty of MERCHANTABIL-ITY or FITNESS FOR A PARTICULAR PURPOSE. See the GNU GeneralPubli Liense for more details.You should have reeived a opy of the GNU General Publi Liense alongwith this program. If not, see <http://www.gnu.org/lienses/>.Also add information on how to ontat you by eletroni and paper mail.If the program does terminal interation, make it output a short notie likethis when it starts in an interative mode:<program> Copyright (C) <year> <name of author> This program omeswith ABSOLUTELY NO WARRANTY; for details type `show w'. This is freesoftware, and you are welome to redistribute it under ertain onditions; type`show ' for details.The hypothetial ommands `show w' and `show ' should show the appro-priate parts of the General Publi Liense. Of ourse, your program's ommandsmight be di�erent; for a GUI interfae, you would use an "about box".You should also get your employer (if you work as a programmer) or shool,if any, to sign a "opyright dislaimer" for the program, if neessary. Formore information on this, and how to apply and follow the GNU GPL, see<http://www.gnu.org/lienses/>.The GNU General Publi Liense does not permit inorporating your pro-gram into proprietary programs. If your program is a subroutine library, youmay onsider it more useful to permit linking proprietary appliations with thelibrary. If this is what you want to do, use the GNU Lesser General Publi Li-ense instead of this Liense. But �rst, please read <http://www.gnu.org/philosophy/why-not-lgpl.html>.
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Appendix HDoument revision history
• Sep 07, 2009: Updated the Copyight Notie (GENIE is now distributedunder GPLv3) and endorsed the MCNET guidelines for fair aademi use.
• Jun 19, 2009: Doument new gT2Kevgen option to onsider only ertainneutrino �ux speies
• Jun 10, 2009: Added di�rative event �ag in gst. Updated branh desrip-tions. Temporarily, ommented out the `User Physis Swithes' hapterand appended the list of parameters at the Physis hapter. As the sopeof this manual has inreased we need to rethink the hapter struture.
• Jun 07, 2009: Added setion on the ross setion and intranulear resat-tering reweighting (adapted from T2K internal note). Added �rst ver-sion of the physis setion (adapted from the GENIE arXiv:0904.4043 andarXiv:0905.2517 papers)
• Jun 05, 2009: Added desription of the `numi_rootraker' format.
• May 03, 2009: Added Introdution.
• May 01, 2009: Inluded BibTEX master library and updated existing ita-tions. Added all GENIE authors on the �rst page. Removed the `GENIEollaboration' inside page. Fixed typo in the TGraph interpolation method(Evaluate -> Eval). Added loation of example event loop skeleton �le.Updated `gst' format desription (added `ealresp0' branh desription;updated oherent event �ags).
• Feb 15, 2009: Added Troubleshooting setion. Modi�ed gT2Kevgen touse the default nd280 units. Fix a typo in the liene.
• Feb 04, 2009: Fixed typos. Updated list of status odes. Updated exampleevents.
• Jan 29, 2009: Added the `Validation Tools' hapter struture. Filled-inthe NuValidator part. Added the NuValidator FAQs.
• Jan 28, 2009: Added appendies on the `genie mug' and `ommonly usedpartile and status odes'. Filled-in some terms in the `glossary' appendix.Inluded running gevdump in the `post-installation tests' setion.145
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• Jan 17, 2009: Added setions on `XML ross setion splines �le' and `Eventgeneration outputs'. Fixed a ouple of typos.
• Jan 16, 2009: An early version of the GENIE user manual was madeavailable online.
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